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Abstract 
Flexible and Versatile Soft Templates for Mesoporous Silicas and Organosilicas Based on 
Pluronic Block Copolymer Surfactants and their Mixtures  
By 
George Farid 
Advisor: Professor Michal Kruk 
 In this dissertation, the work will be discussed that was focused on the synthesis of 
consolidated periodic mesoporous materials such as 2-D hexgonal ordered mesoporous silicas 
(SBA-15) as well as single-micelle-templated silica and organosilica nanotubes and nanospheres 
using triblock copolymer surfactants and their mixtures in the presence of a swelling agent.  
The introductory section, Chapter 1, will address the current state of the tunability of 
single-micelle-templated silica and organosilica nanotubes and will compare it with the work 
presented in this dissertation on the use of a dual-surfactant templating systems. Chapter 2 of the 
dissertation discusses transmission electron microscopy characterization of Pluronic surfactant-
templated nanotubes and 2-D hexagonal ordered mesoporous silicas based on tilt-series imaging 
at different angles. Chapter 3 shows the effects of stirring rate on fragmentation in silica 
nanotubes and the resulting nanosphere contamination in the synthesis that utilizes a single 
Pluronic surfactant. In Chapter 4, the synthesis of ultra-large-pore SBA-15 silica, nanotubes with 
adjustable pore diameter with the use of a dual-surfactant system will be discussed. Chapter 5 
utilizes similar system as discussed in Chapter 4 to synthesize a variety of organosilica nanotubes 
with different organosilane precursors. Chapter 6 discusses the synthesis of microemulstion-
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droplet-templated silica and organosilica nanospheres of large size. The dissertation end with 
same conclusions. 
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Over recent decades, nanomaterials have gained large popularity in the research 
community mainly due to the almost infinite application potential which is attributed to unique 
physical properties with a wide variety of chemical compositions. The main focus of this 
dissertation is on one-dimensional nanotube materials and the ability to tune properties, such as, 
composition and pore diameter. The interest in nanotubes arose when the first case of carbon 
nanotubes was documented in the form of double-walled and multi-walled carbon nanotubes 
using arc-discharge method.1 Over time, single-walled carbon nanotubes were fabricated with 
the use of metal catalysts2–5. Realizing the application potential in these materials due to their 
conductivity and mechanical properties, the interest for carbon nanotubes grew. An 
overwhelming amount of scientific work was published in hopes of optimizing fabrication 
techniques and understanding the formation mechanism. Unfortunately, tunability of carbon 
nanotubes is limited. In terms of size, the diameter of single-walled carbon nanotubes 
(SWCNTs) can range from 1-3nm,2–4 which is maybe somewhat higher in double-walled carbon 
nanotubes (DWCNTs).1 Multi-walled carbon nanotube (MWCNT) size can be adjusted, at least 
in principle, since they are composed of multiple layers of graphene cylinders, but inner void 
(pore) sizes are usually widely dispersed. Low yields and the limited adsorption capacity 
triggered interest in other nanotube compositions, such as titanium dioxide, aluminum oxide, 
silica, organosilica and polymer-based materials. Anodic alumina nanomaterials have been 
extensively studied as potential nanotube templates. Controlled oxidation of aluminum in acidic 
environment under a specific electrical potential can lead to the formation of a porous oxide film 
with approximately cylindrical pores and high degree of order. This led to a large amount of 
research, which resulted in a high degree of tunability of parameters, such as wall thickness, pore 
diameter, length, uniformity, mechanical strength and other exotic properties, such as optical 
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activity perodic anodic aluminum oxide materials.6 Since the anodization process can be greatly 
controlled, porous AAO materials can be used for templating carbon, silica and polymer-based 
nanotubes.7,8 Anodic aluminum oxide (AAO) nanotubes can be obtained through anodization 
techniques such as pulsed anodization. Unfortunately, anodization involves harsh chemical 
environment and high energy requirements which produce very little product. Other types of 
oxide-based framework was also explored such as titanium dioxide. Titanium dioxide nanotubes 
can be obtained through three methods: hydrothermal, electrochemical deposition and template 
dependent synthesis.9 Electrochemical deposition requires harsh chemicals such as hydrofluoric 
acid for the breakdown process of the titanium oxide source. A template-dependent synthesis can 
utilize expensive self-assembled organic templates in various chemical environments.10 A 
hydrothermal method, although simple, requires long reaction times and often yields non-
uniform pore size; which can make structural tunability very difficult. Other materials such as 
poly-aniline and glycolipids were also explored for the use in fabrication of nanotubes, but 
usually these nanotube materials are very large (up to 100 nm) in diameter.11,12  
For silica nanotubes, there are several ways of fabrication. First recorded attempt at silica 
nanotubes utilized hydrolysis of tetraethyl orthosilicate in a gelating system of water, ethanol, 
ammonia and a racemic mixture of tartaric acid.13 The nanotubes produced had square cross-
section tubes with inner diameters between 0.02-0.8 µm ( and outer diameters ranges from 0.8-1 
µm) changing with the temperature of the synthesis. A sugar-based gelator in the synthesis of 
silica nanotubes was also used to produce highly aggregated and non-uniform nanotubes (non-
uniformity in terms of pore diameter and or inconsistency in the shape)  with square cross-
section inner width of 400-600 nm or 20-30 nm depending on the gelator’s concentration.14 
Other types of gelators were also used in the fabrication of silica nanotubes such as cholesterol-
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based,15 amino acid-based,16 fluorocarbon functionalized,17 chelating block-copolymers,18 and 
surfactants such as aerosol OT and sodium bis(2-ethylhexyl)sulfosuccinate.19,20  There were also 
cases of using inorganic templates to produce silica nanotubes such as porous anodic alumina, 
nickel-hydrazine complexes, silver nanowires, and PbSe nanowires.21–26 Multi-walled carbon 
nanotubes were also used as templates for silica nanotubes.27,28. But usually the resulting 
nanotubes produced are often very widely dispersed in diameter. As for utilizing inorganic 
templates, it is possible to obtain very uniform nanotubes as well as provide control in size which 
is determined by the nature of the inorganic template.24,25 Unfortunately, low scale of the 
synthesis often hinder the use of inorganic templates as a viable method for mass production. 
One approach to solving small scale issue and lack of reproducibility is to use a micelle-template 
system where low cost materials can self-assemble in solution to provide a template for the 
condensation of silica. Utilizing this soft templating method, it is possible to tune parameters 
such as pore size and pore volume of the material by optimizing conditions such as temperature, 
stirring rate, concentrations of precursors or introducing compounds that alter shape or size of 
micelle templates.  
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Scheme 1.1 Synthetic schematic of periodic mesoporous materials using a micelle 
template. 
 
In 1992, Mobil Corporation reported a mesoporous 2-dimentional hexagonal silica 
material (denoted as MCM-41) using cationic alkyltrimethyl quaternary ammonium surfactants 
under basic conditions (Scheme 1.1).29 These materials offered an alternative to zeolites, which 
exhibit crystalline frameworks and uniform micropores, compared to ordered mesopores of the 
surfactant-templated silica materials. The synthesis can involve cooperative self-assembly or 
liquid-crystal template mechanisms.30 The former mechanism deals with coulombic or Van der 
Waals interactions of surfactant, silica source, and other ions present in the reaction mixture, 
which cause the formation of silicate/surfactant ion pairs and their self-assembly into surfactant-
templated structure. The liquid crystal templating mechanism can only be realized under high 
concentrations of surfactant molecules, otherwise the preformed liquid-crystalline phase is not 
present. The postulated formation mechanisms paint a complex image in which large number of 
interactions in solution phase are responsible for the formation of highly ordered mesoporous 
materials of varied morphologies. Although complex, it can be advantageous due to the vast 
Hydrothermal 
Treatment 
Calcination/extraction Framework 
Precursor
Surfactant 
Template 
+ 
Swelling 
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potential of fine tuning certain properties by using different kinds of surfactants, silica 
precursors, and pH conditions; or introducing additional compounds such as inorganic salts, 
organic compounds and co-surfactants.  
 
 
 
 
 
 
 
Figure 1.1 Structures of ordered mesoporous materials. 
 
Cationic alkylammonium surfactants have been (and still are) very popular in serving as a 
template to achieve mesoporous silica with pore diameter 3 nm.29 The tunability of pore diameter 
was realized when alkylammonium surfactants with varying alkyl chain lengths were used as 
templates to achieve a range of pore sizes 1.8-3.7 nm.31 Non-ionic surfactants, with similar size, 
also effectively act as templates with near identical pore size generated.32 With the potential of 
increasing pore size by using larger surfactant templates, researches explored the use of 
polymers. Non-toxicity, biodegradability, low cost and variable size made poly(ethylene oxide)-
based block copolymers viable candidates for use as templates. A variety of poly(ethylene 
oxide)-based block copolymers, with different degree of polymerization of poly(ethylene oxide) 
(PEO) and different hydrophobic blocks were used while the best results were often achieved 
when block copolymers of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) 
Lamellar 2D-Hexagonal Face-centered cubic 
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(PEO-PPO-PEO) structure (commercially available as Pluronic from BASF) used.33 High ratio 
of PEO/PPO favors spherical micelle formation while the opposite yields cylindrical micelles (or 
lamellar structures),34 which allows for 2D-hexagonal, cubic and lamellar (Figure 1.1) silica 
configurations to be formed with high degree of order (with the exception of lamellar 
structure).30 In addition to highly uniform mesopores, silica materials templated with Pluronics 
contained micropores, which allows for interconnecting of the pores in the material, effectively 
increasing the surface area.35 The role of Pluronic surfactants is to act as a template in acidic 
solution in order for the framework precursor to form around it and create an ordered porous 
material. For this to occur, the Pluronic surfactant must form a micelle in which properties such 
as concentration of Pluronic and temperature are important. Since the composition of Pluronics 
can be varied by either adjusting the content of PEO/PPO, the critical micelle temperature 
(CMT) is unique to each Pluronic surfactant. For example, Pluronic F127 has a CMT of 31oC at 
a concentration of 0.1 % weight/volume (w/v). At higher concentrations, the CMT decreases to 
28oC at a concentration of 0.25 % w/v. When the content of PEO is lowered, in the case of 
Pluronic P123 (from 70% PEO to 30% PEO, see Figure 1.2 for further details on Pluronic 
nomenclature), the CMT decreases to 21 and 19 oC in concentrations of 0.1 and 0.25 % w/v.36 
When the size of PPO block increases, a decrease in the CMT is observed. At a concentration of 
0.1 % w/v, Pluronic P84 and P104 exhibit CMTs of 37 and 27.5 oC respectively.36 As for the 
shapes of the micelles, lamellar, hexagonal and cubic phases can be present at at specific 
temperatures and concentrations unique to the Pluronic surfactant (Figure 1.1).37 When sufficient 
requirements for the formation of micelles in acidic solution are met, framework precursor (in 
the form of Tetraethyl orthosilicate (TEOS) or Tetramethoxysilane (TMOS)) can then interact 
with the portion of the micelle which contains PEO blocks( Scheme 1.3). 35,38 The framework 
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precursor, due to the high acidity of the solution, begins to condense and form a network of silica 
around the micelle which then eventually leads to a periodic mesoporous silica material (Scheme 
1.2). 
 
 
 
 
 
 
 
Scheme 1.2 General mechanism of TEOS hydrolysis and alcohol condensation which results in a 
fully condensed silica. 
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Scheme 1.3 Schematic representation of micelles formed with Pluronic surfactant, framework 
precursor and swelling agent before (left) and after condensation (right). 
 
Pluronic surfactants can also template the framework formation from other types of 
precursors, such as bridged organosilanes (with Si-R-Si moieties, where R is an organic group), 
which form highly ordered organosilica frameworks with a wide variety of bridging groups. 
Single-micelle-templated materials, such as nanotubes and nanospheres, are also possible to 
synthesize with the use of Pluronics as templates, as will be discussed in more detail later. 
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Figure 1.2 Chemical formulas of triblock copolymer Pluronic F127, P123 P104 and P84. 
Nomenclature of these Pluronic surfactants can be defined as 𝜑𝑋𝑌𝑍, where 𝜑 is the state of 
matter (F for flake, P for paste and L for liquid), first two integers (XY) multiplied by 400 gives 
the molecular weight of PPO block and the last integer (Z) multiplied by 10 gives the percentage 
of PEO block.  
The introduction of hydrophobic organic compounds to the synthesis mixture can have 
the potential of swelling micelles, which can lead to increased pore sizes in micelle templated 
materials. This was explored on MCM-4131 and SBA-1532 silica, which successfully underwent 
pore size increase in the presence of trimethylbenzene. The addition of higher concentrations of 
TMB failed to retain the hexagonal structure and caused a transition to a largely disordered 
foam-like structure in the case of Pluronic P123 surfactant.39 The introduction of low-
temperature synthesis (below room temperature) in the presence of TMB as a swelling agent 
drastically increased the pore size swelling capability while preserving the order for materials 
with spherical mesopores arranged in the face-centered cubic structure.40 The low-temperature 
F127 
 
 
P123 
 
 
P104 
 
 
P84 
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synthesis was also successful in producing highly ordered SBA-15 materials with alkane 
swelling agents as well.41,42 Highly ordered SBA-15 was obtained using nonane, heptane and 
hexane; where hexane was the most effective at increasing pore size to 15 nm.41 High 
TEOS/alkane ratio tend to form SBA-15 material with large ordered domains, lower 
TEOS/alkane ratio results in formation of bundle-like structures with short ordered domains.42 a 
further minor expansion of pore size, with hexane as swelling agent, was achieved by tuning 
hydrothermal treatment temperature and time.43 At 15 oC synthesis temperature with no 
hydrothermal treatment, 9 nm pore size was reported. The introduction of hydrothermal 
treatment at varying temperatures and time, at a maximum of 130 oC for five days, a maximum 
nominal pore size of 18.2 nm was achieved for SBA-15 with hexane as swelling agent. However, 
based on the interplanar spacing, the actual pore size was likely about 15 nm. The pore size was 
further expanded in a major way by using triisopropylbenzene as a swelling agent, where the 
maximum pore size achieved was 26 nm for SBA-15 under synthesis temperature of 12.25 oC.44 
A pore size expansion up to 30 nm can be achieved after a careful optimization.45  
For face-centered cubic systems of spherical pores (denoted FDU-12), Pluronic F127 is 
used for their synthesis, which calls for a stronger swelling agent due to a low weight fraction of 
poly(propyleneoxide) block of the block copolymer compared to Pluronic P123, which is 
predominantly used for SBA-15. Swelling agents such as trimethylbenzene,40 xylenes, 
ethylbenzene46 and toluene47 provide adequate extent of solubilization required for Pluronic 
F127 to form very large spherical micelles.46–48 The extent of solubilization of these swelling 
agents in Pluronic F127 system can be assessed by observing the unit cell size of the final 
micelle-templated material. TMB produced the unit cell parameter of 44 nm, ethylbenzene and 
xylenes produced larger unit cell of sizes 52-55 nm. For system utilizing toluene as a swelling 
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agent, even higher unit-cell parameter was observed at 69 nm for FDU-12. Along with higher 
unit cell for FDU-12, the synthesis with toluene revealed further ability for tunability in 
mesoporous silica, such as adjusting stirring time and rate, as well as temperature, which can 
favor either SBA-15 at 250 rpm at 11 oC or FDU-12 at 350 rpm and stirring time of two days at 
12 oC between addition of toluene and tetraethyl orthosilicate (TEOS).47 
 The reduction in the relative amount of silica precursor also yielded well-defined silica 
nanotubes in the case of SBA-15 synthesis and nanospheres in the case of FDU-12.47 This was 
very interesting because it is possible to prepare SBA-15 and FDU-12 with only one surfactant 
(Pluronic F127).  Presented in this dissertation is an alternate way of obtaining smaller ordered 
domains in SBA-15 synthesis by lowering TEOS amount and lowering the stirring rate of the 
reaction from 250 rpm to 150 rpm. Not only does this decrease the size of ordered domains, but 
also decreases sphere contamination in the synthesis of silica nanotubes.49 This is a very 
interesting development because the nanospheres appeared to form via fragmentation of 
nanotube ends, and thus their formation seemed unavoidable. 
Single-micelle-templated silica materials, such as nanotubes and nanospheres, can be 
obtained by lowering the silica precursor concentration in SBA-15 or FDU-12 synthesis while 
keeping surfactant concentration constant.47,50 For nanospheres, the decreasing of the 
concentrations of salt or increasing temperature can also achieve a transition between FDU-12 to 
nanospheres.51,52 Although other types of templates, such as polystyrene-poly(2-vinyl pyridine)-
poly(ethylene oxide) and poly(N-isopropylacrylamide),  have been utilized in obtaining 
nanospheres, they tend to utilize expensive materials or the resultant nanospheres are 
heterogeneous when size is examined.53,54 
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Figure 1.3 Structures of silica and organosilica framework precursors. 
 
Obtaining nanotubes instead of SBA-15 material can be conceptually viewed as a 
transition from large to small ordered domains which will eventually lead to a single-micelle-
templated nanotube material. For SBA-15, the lowering of the size of ordered domains can be 
achieved by lowering TEOS/swelling agent ratio in systems that utilize Pluronic P12342 
surfactant systems. The decrease in size of ordered domains has also been reported when using 
varying concentration of boric acid in systems templated by Pluronic P123.55 At 0.32 mol/L, the 
morphology was mostly comprised of disordered spherical moieties. Raising the concentration of 
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boric acid to 0.4 mol/L produced single-micelle-templated nanotubes, although the latter had 
numerous constrictions. Further increasing boric acid concentration increases tendency of the 
forming of nanotube bundles, where at higher concentration of boric acid increases the size of 
the bundles produced at even higher concentrations, periodic structures of SBA-15 type were 
observed. Although nanotubes can be obtained in systems that utilize Pluronic P123 as a 
surfactant template, Pluronic F127 can readily obtain well-defined and robust nanotubes in the 
presence of toluene by simply lowering the amount of silica precursor.47 Bundles can also be 
obtained.49 
 
 
Scheme 1.4 Schematic representation for obtaining single-micelle templated structures such as 
nanotubes and nanospheres. 
Pluronic-surfactant-tempting method has been a cost effective way in obtaining uniform 
nanospheres at a variety of sizes. In addition to silica-based mesoporous materials, Pluronic-
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based micelle template can also support organosilanes ranging from alkyl based to phenyl based 
bridging groups (Figure 1.3). Cubic56–58 and hexagonal59 ordered mesoporous materials, as well 
as nanospheres57,60–64 were successfully fabricated with a variety of organosilica precursors with 
different bridging groups. Unlike silica nanospheres, which have been extensively synthesized in 
the mesopore range and with different organosilane precursors, silica nanotubes produced by 
Pluronic-based micelle templates have been successfully fabricated, but with limited availability 
of pore sizes and compositions. For organosilica nanotubes, only a handful of precursors were 
documented in litereature. The frameworks derived from BTME (bis(trimethoxysilyl)ethane), 
BTEE (bis(triethoxysilyl)ethane) and BTEB (bis(triethoxysilyl)benzene) were successfully 
fabricated using Pluronic P123 as a template even though most of them had inner diameter in 5-8 
nm range and their bundling may be significant.60,65,66 Although it is possible for the use of 
Pluronics to fabricate organosilica nanotubes, there has been very little exploration of size 
tunability compared to previous work on 2D-Hexgaonal organosilicas.59 Although the carefully 
selected swelling agent paired with a Pluronic surfactant can yield highly ordered consolidated 
structures as well as large pore size, the swelling action of a swelling agent is subject to 
diminishing returns when high amounts of swelling agent are used.58 To overcome this, one can 
either use a different Pluronic surfactant or design a custom surfactant that interacts with a 
swelling agent in a desired manner. The problem with using a different Pluronic surfactant is the 
uncertainty in the quality of the final product due to the effects of temperature, pH or the type of 
swelling agent used; and as for using a custom-made surfactant, it will increase the cost of the 
synthesis substantially due to limited availability of the surfactant. Addition of “co-surfactants” 
such as alkyl alcohols surfactants helped to remedy the lack of pore size tuning in ordered silica 
materials.67,68 Yet the most interesting example of the addition of co-surfactants in a system is 
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the addition of another Pluronic surfactant. The synthesis of cubic mesoporous SBA-16  silica 
utilized a system in which Pluronic F127 and P123 surfactants were used where adjustment of 
the ratio resulted in pore size tunability.69 This is also consistent with light scattering 
experiments that were conducted on the same mixture in which certain ratios yielded a range of 
hydrodynamic volumes.70 This ability of Pluronic surfactants mixing to form larger micelles is 
interesting in the realm of low-temperature synthesis of SBA-15. Since SBA-15 can be 
synthesized using Pluronic P123 and Pluronic F127 in the presence of swelling agent, would it 
be possible to create a synthesis in which by tuning the Pluronic surfactant ratio would result in 
larger pore sizes? No successful work was done in utilizing this swollen mixture Pluronic 
surfactant system to template well-defined silica or organosilica materials with enlarged pores 
until the present study. The use of F127 and toluene to synthesize SBA-15, FDU-12, 
nanospheres and nanotubes was a starting point in this great journey. This system proved to be 
extremely versatile in creating numerous morphologies of porous materials by only adjusting 
silica precursor amount, temperature, stirring time and speed; yet required some optimization in 
order for SBA-15 and nanotube products to be devoid of sphere contamination. In Chapter 2 of 
this dissertation, the effects of reducing the silica precursor under the influence of different 
stirring rates in SBA-15 and nanotube bundles will be discussed. Chapter 3 also deals with the 
effects of stirring on nanotube synthesis using the same reaction conditions as in chapter 2 to 
overcome the contamination of nanotubes with nanospheres. Using the information gathered 
from the previous chapters, Chapter 4 deals with the replacement of a portion of Pluronic F127 
with Pluronic P123 or P104 in order to achieve ultra-large pore SBA-15 with the highest 
recorded d100 spacing as well as to develop a synthetic system which yields highly uniform silica 
nanotubes with a pore size range of 10-35 nm controlled by adding different amounts of the 
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swelling agent. This was facilitated by adjusting hydrothermal treatment temperature and a slight 
reduction of  the relative amount of silica precursor.71 Chapter 5 uses the system introduced in 
chapter 4 to synthesize organosilica nanotubes with methylene and phenylene bridging groups. 
72And finally, chapter 6 utilizes Pluronic F127 and P84 mixture to obtain silica nanospheres with 
the ability for pore size adjustment similar to the system with nanotube synthesis. These 
developments are critical for the goal of utilizing this technology for mainstream applications. In 
currently available research, a wide range of applications have been sought out for periodic 
mesoporous materials. One example is the use in controlled release applications, such as drug 
delivery and sensing, in which release is triggered through light, pH, temperature or specific 
chemical reactions.73 Another example is in the use of porous materials for the use in supporting 
catalytically active species such as gold nanparticles for propene epoxidation,74 Vanadium-based 
catalyst for oxidation reactions,75 and nitrogen-based organic molecules for CO2 activation.
76 
Templating materials such as CdS-based semiconductors77 and various metal oxides78 is yet 
another form of application for these porous materials. Hopefully, with future advancement of 
this technology, it will be able to be utilized for a wider array of applications while at some point 
becoming competitive to current solutions to problems.    
 
  Chapter 2 
 
18 
 
Chapter 2 
 
Observing Pluronic Surfactant-
Templated Materials by Multi-angle 
Transmission Electron Microscopy 
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2.1 Background 
Pluronic surfactant templated mesoporous materials are studied using a wide range of 
characterization methods ranging from techniques such as thermogravimetric analysis, small 
angle X-ray scattering, gas adsorption, NMR spectroscopy, transmission electron microscopy 
and scanning electron microscopy. While analytical methods are important in gathering precious 
data, imaging methods, such as TEM and SEM, provide visual insight into of the local 
morphology, purity, and size of certain features. In surfactant-templated mesoporous silica 
materials, which can come in the form of consolidated structures (such as 2D-Hexagonal or 
cubic) or single-micelle templated structures (nanotubes or nanospheres), it may often be 
difficult to ascertain what one is looking at in TEM due to poor sample preparation, imaging of 
regions with poor contrast, or viewing the sample at an angle that is not optimal. Using multi-
angle imaging, it is possible to observe projections of three dimensional structures as well as to 
identify unknown features.  
 
2.2 Experimental Section 
Transmission Electron Microscopy 
Samples of SBA-15, FDU-12 and nanotubes were suspended in ethanol and were 
delivered dropwise on a carbon coated TEM copper grid which was then left to dry. Images were 
taken using an electron beam acceleration voltage of 120eV. The height of the stage was adjusted 
to obtain the eucentric point, which allows for tilt to occur without moving the center of focus. A 
total of 90o tilt can be achieved by covering the range of -45o to 45o (with 0o being the tilt at 
which the grid is perpendicular to the electron beam).An image was taken for each angle in that 
  Chapter 2 
 
20 
 
range with 1o increments, which produces 91 images total. These series of images can also be 
used to create a movie. 
 
2.3 Nanotubes 
The examination by TEM of silica nanotubes synthesized using Pluronic F127 as a 
surfactant template revealed either closely aggregated nanotubes after surfactant removal or 
more dispersed ones before template removal. When examining a sample synthesized using the 
original conditions,47 it is very clear that there is a presence of contamination in the form of silica 
nanospheres. The lowering of the stirring rate in the reaction resulted in a decrease of said 
contamination when examined by TEM. Since removing the surfactant template from the 
nanotubes results in aggregation, it is difficult to determine whether there is a significant 
decrease in contamination. Upon examining the TEM images, there are spherical features 
present, which can indicate either the nanosphere contamination or the nanotubes viewed along 
their axis. To distinguish between these two possibilities, an area was examined by taking images 
at each angle in a -45o to 45o range (with 1o increments). Since a nanosphere would not change 
appearance after observing it at different angles (Figure 2.1), the opposite is true of nanotube 
pores. The spherical features are no longer observable when looked at a different angle, which 
confirms the identity of these spherical features to be nanotube pores. This is confirmed even 
further when examining another area of the sample. 
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Figure 2.1 TEM images of calcined silica nanotubes synthesized using Pluronic F127 as a 
surfactant template. Visible spherical features can be seen on the left image which then disappear 
(right image) after the stage has been tilted 15o. This was also observed for a separate area of the 
sample (bottom images). 
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This was also done with the same sample but with the surfactant template still inside the 
silica nanotubes. It did not yield adequate topological data due to a number of reasons: First, the 
-45o to 45o tilt is not as effective as in the case of the calcined sample mainly due to the 
application of ethanol suspension solution on the copper grid being a flat and even coat, which 
does not contain the “mountainous” features calcined samples express. Second, the lack of any 
structural order, which is inherent in nanotube samples, does not generate any noticeable change 
when tilt is induced; this is different when examining a 2D-hexagonal or face-centered-cubic 
structure. Third, since the process of tilt takes from 30 mins to 1 hr, noticeable changes occur 
upon prolonged exposure to the electron beam (Figure 2.2). These changes come in the form of 
contractions in certain parts of the sample examined. These contractions cause the structure to 
aggregate as well as cause some of the nanotubes to be pulled and slowly rip apart. Since the 
nanotubes were dispersed in ethanol in the preparation for imaging, the aggregation may be due 
to the evaporation of trace amounts of ethanol still present in the sample. The residual quantity of 
toluene might also have been present and evaporated. This is not observed in calcined samples, 
in which organic compounds used as a swelling agent and a template have been burned away. A 
similar phenomenon was also observed in nanotubes synthesized with mixed Pluronic surfactants 
(F127:P104). Nanotubes synthesized with 100oC hydrothermal treatment temperature tend to be 
extremely fragile when subjected to drying, attempting to remove the surfactant template, or in 
this case, of prolonged exposure to the electron beam, which causes a similar effect as in 
nanotubes synthesized using one Pluronic surfactant. Yet when the nanotubes are synthesized at 
a hydrothermal treatment temperature of 130oC, no observable change occurs when they are 
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exposed to the electron beam for the same duration. Since a higher degree of framework 
condensation is observed in nanotubes that are hydrothermally treated at 130oC (see Chapter 4), 
a more condensed and robust structure has a higher resistance to any structural change under 
prolonged exposure of the electron beam. Also, due to the large size of these silica nanotubes 
prepared with mixed Pluronic surfactant template, the pore ends can be easily observed (Figure 
2.6). Similar to silica nanotubes, organosilica nanotubes exhibit a similar phenomenon with their 
pore ends when observed at different angles (Figure 2.3). High resistance is not only reserved for 
silica nanotubes that underwent high hydrothermal treatment temperatures. Organosilica 
nanotubes, with methylene bridging groups, also exhibit no visible structural changes when 
exposed to the electron beam for an extended period of time (Figure 2.4). Xylylene-bridged 
organosilica nanotubes were also examined, which contained flattened nanotubes. These 
flattened features show change in size when examined after a 50o tilt (Figure 2.5). 
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Figure 2.2 TEM images of as-synthesized silica nanotubes exposed under electron beam. Left-
most image is start of exposure and right-most image is at the end of exposure. Top row is 
nanotubes synthesized using F127 as surfactant template and 2nd and 3rd row are templated using 
a mixture of F127 and P104 (70:30 ratio). The middle row is synthesized with 100oC 
hydrothermal treatment and the bottom row is synthesized with 130oC treatment. 
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Figure 2.3 TEM images of Methylene-bridged organosilica nanotubes observed after a 30o tilt 
(Before: left, After: right). 
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Figure 2.4 TEM images of Methylene-bridged organosilica nanotubes observed after a 25o tilt 
(Before: left, After: right).  
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Figure 2.5 TEM images of Xylylene-bridged organosilica nanotubes observed after 50o tilt. 
(Before: left, After: right)  
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Figure 2.6 Silica nanotubes synthesized using F127 and P104 (70:30 ratio) surfactant mixture 
template. Pore entryway of a silica nanotube can be clearly seen.  
 
2.4 SBA-15 
SBA-15 silica, is templated by a Pluronic surfactant micelles in the form of long 
cylindrical micelles organized in a honeycomb array. In solution phase, these cylindrical micelles 
are expected to have round ends,79 which after templating, can be preserved as hemispherical 
caps at pore ends. However, due to the hydrothermal treatment, or perhaps also drying process, 
sonication or changes caused by preparing the sample for imaging, these caps (ends) are difficult 
to observe in electron microscopy imaging such as SEM80 even if another characterization 
technique, gas adsorption, suggests their presence. It is shown here that SBA-15 sample 
synthesized using Pluronic F127 as a surfactant template exhibited such features.47 In TEM 
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images, it can be clearly seen that there are caps at the ends of cylindrical pores(Figure 2.8, 2.9), 
which is very different from typically observed open cylindrical pore entryways. This is perhaps 
the first direct and convincing evidence of the presence of such caps at the end of pores in SBA-
15. Prior inferences were based on TEM images of thin regions (primarily monolayers) and other 
less clear images in addition to indirect evidence based on pore accessibility, as seen from 
nitrogen adsorption. In other cases, it can be speculated that the hemispherical ends may not 
survive surfactant removal technique that require high temperatures, such as calcination, but may 
have a chance of survival in more gentle methods like ethanol extraction. If these features 
survive the surfactant removal, they would give rise to a very broad hysteresis loop in nitrogen 
adsorption isotherms due to the accessibility of the mesopores through narrow entrances (that is, 
gaps in the pore wall).  
SBA-15 was also further examined by TEM using a tilt method described above for nanotubes. 
A -45o to 45o tilt resulted in changes of the observed projection due to the 2-dimentional nature 
of the structure. At (100) projection, the cylindrical pores (light stripes) and their walls (dark 
stripes) areas are clearly visible (Figure 2.9,top) for which this is well known in the literature.81 
This changes when the material is tilted. As the tilt angles is changed, (100) is replaced with a 
projection which can be recognized by the low visibility of the pores and a higher visibility of 
walls, unless the tilt angle is such that series of closely spaced stripes (much closer than those in 
(100) projection) can be seen (Figure 2.9, bottom). This projection appears to be (110) 
projection. This is better illustrated by looking at a series of consolidated cylindrical pores in a 
honeycomb configuration: when the honeycomb is in configuration A, all the pores of the 
honeycomb overlap (are on one line) which allows to clearly see the pores. At configuration B, 
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larger percentage of pore walls is visible compared to the hollow pores, thus reducing overall 
visibility (Scheme 2.2).  
 
Figure 2.7 TEM images of SBA-15 samples where caps can be clearly seen intact at the ends of 
the cylindrical pores. 
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Figure 2.8 TEM images of SBA-15 samples where some cap-ends can be seen intact and broken
. 
 
Figure 2.9 Two sets of TEM images of SBA-15 samples showing (100) projection before 
rotation (right images) and (110) projection after rotation (left images) 
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Scheme 2.1 A 3-Dimensional representation of SBA-15 material with spherical caps at the ends 
of the pores. 
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Scheme 2.2 Hexagonally packing of cylinders representing cylindrical pores after a 30o rotation 
2.5 Summary 
The utilization of multi-angle imaging effectively affords useful and unique information for 
single-micelle templated structures as well as consolidated structures, such as SBA-15. For 
single-micelle templated structures, it was effective at classifying spherical features to be 
nanotube pore entryways rather than hollow spheres. It also showed that long exposure to the 
electron beam can, depending on the degree of condensation of the nanotubes, affect their 
structure in a negative way. For consolidated materials, it was possible to show different 
projections at different rotation angles for SBA-15 silica which can readily be misinterpreted as 
two unit-cell sizes in one sample, or even in single particles. For SBA-15 specifically, it was also 
possible to obtain images of intact ends of the cylindrical pores.
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Chapter 3 
 
Increased purity of surfactant-
templated silica nanotubes through 
understanding of nanotube 
fragmentation into hollow nanospheres 
under stirring  
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3.1 Background 
The composition of Pluronic surfactants, which are a poly(ethylene oxide)-poly(propylene 
oxide)-poly(ethylene oxide) triblock copolymer, can dictate the hydrophobicity and the extent of 
solubilization of swelling agents introduced.82 Pluronics with large PPO blocks and much 
smaller PEO blocks, such as P123 (EO20PO70EO20) , have high extent of solubilization of 
swelling agents under low temperature conditions, which necessitates the use of swelling agents 
with low extent of solubilization in Pluronics, such as triisopropylbenzene, linear alkanes, and 
cyclohexane, otherwise the swelling is difficult to control.40,43,44 On the other hand, smaller size 
of PPO block with respect to PEO, such as in Pluronic F127 (EO106PO70EO106), results in a 
surfactant with a low extent of solubilization of swelling agents in aqueous media. This increase 
in hydrophilicity enables the use of “stronger” swelling agents, such as toluene, xylenes and 
ethylbenzene,46,47,56 while still allowing for a uniform and controlled swelling of the micelles.   
The use of  Pluronic F127 in the synthesis of mesoporous silica structures, such as SBA-
15, FDU-12, nanotubes and nanospheres has shown the versatility of the micelle-templating 
method.47 For consolidated structures, SBA-15 and FDU-12 syntheses are the same/or very 
similar in terms of the amount of silica precursor, swelling agent, surfactant, and acid 
concentration; yet the transition between cylindrical and spherical micelle templated materials is 
attributed to slight difference in temperature (12oC and 11oC, respectively) as well as stirring rate 
and duration during synthesis. To obtain single-micelle templated materials, one would lower the 
silica precursor amount by roughly 40% with respect to what is used for SBA-15 and FDU-12 to 
obtain nanotubes and nanospheres respectively.47Although this yielded nanotubes with narrow 
pore size distribution, high pore volume and high surface area, a significant amount of 
nanosphere contamination was present.47 As will be discussed in this chapter, the lowering of the 
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stirring rate helps to remedy the contamination, which confirms that the origin of nanospheres as 
a of contamination in nanotube samples is the fragmentation of the surfactant-templated 
nanotubes, which originates from the high stirring rate environment. On the other hand, 
increasing the stirring rate resulted in even higher amount of sphere contamination, as well as in 
the presence of short nanotube bundles (300-450 rpm). Increasing the stirring rate even further 
yielded only nanospheres.    
3.2 Experimental Section 
Synthesis  
The synthesis was analogous to that described elsewhere,47 but in most cases was modified. 
Pluronic F127 was dissolved in 2M HCl for one hour or until the surfactant had dissolved. 3 ml 
of Toluene and 3 ml of TEOS were then added into the reaction medium under a specific stirring 
rate maintained for 24 hrs. The medium was then transferred into a polypropylene bottle, which 
was then placed in an oven at 100oC for 24 hrs. the product was then filtered and vacuum dried. 
Gas Adsorption 
Nitrogen adsorption isotherms were acquired at −196 °C on a Micromeritics ASAP 2020 
volumetric adsorption analyzer. Samples were out-gassed at 200 °C before analysis in the port of 
the adsorption analyzer. The specific surface area was calculated by BET method in the relative 
pressure range of 0.04-0.2. The pore volume was estimated from the amount adsorbed at relative 
pressures near 0.99.  
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Transmission Electron Microscopy 
Transmission electron microscopy images were collected on FEI Tecnai Spirit microscope 
operated at 120 kV. Sample was suspended in ethanol and then sonicated. Droplets of the 
suspension were placed on carbon-coated copper grid and ethanol was allowed to evaporate.  
 
3.3 Reduction of contamination 
The original synthesis of nanotubes using Pluronic F127/toluene combination was characterized 
by a significant presence of nanosphere contamination alongside the intended nanotube product. 
This poses a problem with the overall purity of the product. As shown herein, the lowering of the 
stirring rate greatly reduced the sphere contamination in the product. The comparison of TEM 
images shows that the use of the default stirring rate of 250 rpm47 produced a significant 
contamination with nanospheres. At 200 and 150 rpm, the sphere content was dramatically 
reduced (Figure 3.1). This indicates that the contamination is not due to the chemical 
composition, but rather to the ability for the nanotubes to fragment. Although, upon stirring, 
some spherical features can be seen in samples prepared with lower stirring rate (150, 200 rpm), 
they are  by far less prevalent than in the case when higher stirring is employed. The spherical 
moieties are clearly seen attached to the nanotubes. For the calcined samples, spherical pore ends 
can be seen which makes it harder to determine the extent of contamination compared to viewing 
the sample as synthesized with no attempt in removal of the surfactant template. Gas adsorption 
isotherms (Figure 2.2) show high adsorption capacity for samples prepared with higher stirring 
rate (Table 2.1). Higher stirring rate samples have slightly higher average pore diameter and less 
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uniform pore size distribution than the lower stirring rate samples. This could be due to the 
presence of the sphere contamination. 
 
a) b) 
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e) f) 
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Figure 3.1 TEM images of different nanotube samples that were prepared with different stirring 
rate. Left column of images show samples prepared at 150(a), 200(c), 250(e) and 300(g) rpm 
stirring rates. Right column of images shows samples prepared at 150(b), 200(d), 250(f) and 
300(h) rpm after removing the surfactant template by calcination at 300oC. 
g) h) 
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Figure 3.2 Nitrogen adsorption isotherms (left) and pore size distributions (right) of samples 
prepared 150, 200 and 250rpm. 
 
Sample Stirring Speed, rpm BET Surface Area, m²/g Pore Volume, cm³/g Pore Diameter, nm 
HNT150 150 703 1.42 17.36 
HNT200 200 972 1.79 21.69 
HNT250 250 191 2.20 20.91 
HNT300 300 
861 1.54 
25.50 
HNT350 350 
682 1.22 
31.63 
HNT400 400 
1134 2.06 
25.56 
HNT450 450 
736 1.77 
35.01 
HNT500 500 
775 1.68 
34.72 
Table 3.1 BET specific surface areas, pore volumes and average pore diameters of samples 
prepared with stirring rates at 150-500rpm. 
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3.4 Effect of higher stirring rate 
Higher stirring rates were applied for the same reaction to explore changes in overall structure, 
and in particularly the possibility of forming nanospheres as a main product. Stirring rates of 
300, 350, 400, 450, and 500 rpm were used. TEM images showed that an increase in stirring rate 
resulted in increase in the sphere contamination (Figure 3.1). At 300 rpm, the extent of 
contamination was still comparable to the case of 250 rpm, but nanotubers were no longer 
individual, forming strands of nanotubes. At 350-450 rpm, two things can be observed: the 
higher the stirring rate, the more contamination with nanospheres is present and the tendency of 
the nanotubes to form short bundles increases.  At 500 rpm, nanotubes and bundles are no longer 
present and only  nanospheres are seen. The nanospheres observed in the TEM images show a 
heterogeneous assortment of sizes, which is confirmed by pore size distribution generated by gas 
adsorption analysis. At 300 and 400 rpm, pore size distributions are much narrower and pore 
volume is higher compared to the samples prepared at 450 and 500 rpm which have very broad 
pore size distributions (Figure 3.3). The sequence of observed morphologies is shown in scheme 
3.1. 
 The formation of spheres can be explained by observing the hemispherical nature of the 
ends in nanotubes templated by cylindrical micelles (Chapter 2). At low stirring (150 rpm), very 
little shearing force is applied on the cylindrical micelles in solution, thus rendering cylindrical-
micelle-templated materials with very little presence of micelle-templated spheres. At higher 
stirring rates (250 rpm), more shearing force is applied to the cylindrical micelles, which cause 
fragmentation of the hemispherical ends of the cylindrical micelle, which eventually forms 
nanospheres, while the nanotube end may be regenerated. At even higher stirring (300-500 rpm), 
larger magnitude of shearing force is experienced which leads to the shortening of the cylindrical 
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micelles (leading to short nanotube bundles) and a substantial increase in sphere content. This 
phenomenon was also observed in micellar system that utilized poly(4-vinylpyridine)-
polystyrene-poly(4-vinylpyridine) triblock copolymer (P4VP43-b-PS260-b-P4VP43) in which, at 
low stirring rate, nanotube-like features were observed.83 At higher stirring rates , ring-like 
features were spotted alongside nanotube-like features. At the maximum applied stirring (2000 
rpm), only ring-like structures were observed. A separate experiment was also conducted at 2000 
rpm in which a reaction mixture was examined at different times (5 min – 24 hrs) which found 
that, at 5 mins, only nanotube-like features were present as well as evidence of fragmentation. At 
1 hr of stirring, nanospheres, nanotubes and ring-like structures were also observed. Eventually 
at 24 hrs, only ring-like structures were observable. This is somewhat interesting because there 
may be effects on structure of the material at even higher stirring than 500 rpm. If 2000 rpm is 
applied to the Pluronic surfactant-templating system, it can perhaps lead to either even smaller 
spheres or deformed oval-shaped spheres. 
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Figure 3.3 Nitrogen adsorption isotherm (left) and pore size distribution (right) of samples 
prepared using stirring rates from 300-500rpm. 
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Figure 3.4 TEM images of samples prepared using stirring rates from 350 (a,b),400 (c,d),450 
(e,f) and 500(g,h) rpm. Left column: as-synthesized material (a,c,e,g). Right column: calcined 
materials (b,d,f,h). 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.1 Representation of fragmentation of cylindrical micelles due to increased stirring/ 
shearing force. 
Increasing stirring/shear force 
g) h) 
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3.5 Summary 
 
The lowering of the amount of nanosphere contamination, which ultimately yields higher-purity 
silica nanotubes, was achieved by lowering of the stirring rate for the reaction. Clearly, under 
these conditions, the process of fragmentation of nanotubes to nanosphere is suppressed. The 
opposite is observed in the form of higher sphere content when higher stirring rates are used. 
Surprisingly, use of higher stirring rates can also result in the formation of nanotube bundles, 
although the latter were no longer present for a stirring rate of 500 rpm. 
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Chapter 4 
 
Silica Nanotubes with Widely 
Adjustable Inner Diameter and 
Ordered Silicas with Ultra-large 
Cylindrical Mesopores Templated by 
Swollen Micelles of Mixed Pluronic 
Triblock Copolymer 
 
 
 
 
 
 
 
 
 
 
Farid, G., & Kruk, M. (2017). Chemistry of Materials, 29(11), 4675-4681. 
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4.1 Background 
The tuning of the pore size in surfactant-templated periodic mesoporous silica materials has been 
a topic of interest in recent decades. The methods employed included the use of different 
surfactant compounds such as larger alkyl ammonium surfactants or block-copolymers, and the 
introduction of organic molecules to act as micelle expanding agents.29,31 For Pluronic 
surfactants, much work has been done in optimizing conditions such as synthesis mixture 
composition, initial synthesis temperature, hydrothermal treatment temperature, and proper 
pairing between swelling agent and Pluronic surfactants.43,44,84 Pluronics are unique surfactants 
due to their structure composed of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene 
oxide) blocks which allows for the tunability of the hydrophobic/hydrophilic character based on 
the percentage of the hydrophilic PEO block and the hydrophobic PPO block present. In the 
interest of obtaining large pore perodic mesoporous silica material, it is critical to pair an 
appropriate swelling agent with a complementary Pluronic surfactant to achieve a desired extent 
of solubilization of the swelling agent. Failing to do so, can result in the formation of 
mesocellular foam, instead of the desired material.39 Pluronic F127 has been extensively studied 
as a template in the synthesis of periodic mesoporous silica materials, where a plethora of 
morphologies were successfully synthesized such as SBA-1542, FDU-12,42 nanotubes42  and 
nanospheres45,55. One drawback in the use of Pluronic F127 is due to the high percentage of PEO 
block, the swelling action of the added organic compound is not very effective when introduced 
at high qantities.58 One option is to introduce other organic compounds that have a higher extent 
of solubilization in  Pluronic F127, but this can result in unpredictable effects on the overall 
structure of the final product. Other Pluronics, such as Pluronic P123, have also been used as 
templates in mesoporous silica materials, and in particular, SBA-15 silica in the absence of a 
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swelling agent,84 which is the most popular Pluronic-based synthesis of an ordered mesoporous 
silica. Due to the higher PPO content, temperatures as well as the type of swelling agent 
employed must be greatly optimized in order to obtain desired product when a swelling agent is 
present. The higher PPO content of Pluronic P123 renders a surfactant with a higher extent of 
solubilization of swelling agents compared to Pluronic F127. With the fact that both surfactants 
are capable of templating large pore SBA-15 under appropriate conditions, a mixture of both 
F127 and P123 can be an effective combination in the attempt at obtaining porous materials with 
higher pore diameter compared to material obtained with only one surfactant. In the past, it has 
been proven that a mixture of both F127 and P123 generate micelles that are larger than in the 
case where only one surfactant was used.70 A similar system was also utilized to prepare cubic 
mesoporous silica, where mixture of both surfactants yielded higher pore size material compared 
to single surfactant system.69 The use of Pluronic surfactant mixtures in the presence of swelling 
agents for the templating of mesoporous materials has been left virtually untouched and 
unexplored in the scientific literature. Herein, the use of Pluronic dual-surfactant system in the 
presence of swelling agent is discussed for the use as a template in the synthesis of ultra-large-
pore SBA-15 as well as silica nanotubes with highly adjustable pore diameters, achieved by 
tuning swelling agent concentration, ranging from 10 to 35 nm.71   
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4.2 Experimental Section 
SBA-15 synthesis 
Appropriate mass of Pluronic F127 and either P104 or P123 were placed in a double-jacketed 
beaker, which is attached to a refrigerated water bath set at 11 oC, along with 60 ml of 2 M HCl. 
The mixture was left to magnetically stir at 250 rpm until the Pluronic surfactants have 
completely dissolved. 4.8 ml of TEOS and 3 ml of toluene were then added to the solution which 
was then covered and left to stir at 250 rpm for 24 hrs. Next, the resulting mixture was 
hydrothermally treated at 100-130 oC. Afterwards, the product was then vacuum filtered and left 
to dry in a vacuum oven for 24 hrs at 60 oC. Removal of the surfactant template was done by 
calcination at 550 oC under air for 5 hrs. 
Nanotube synthesis 
Appropriate masses of Pluronic F127 and either P104 or P123 were placed in a double-jacketed 
beaker, which is attached to a refrigerated water bath set at 11 oC, along with 60 ml of 2 M HCl. 
The mixture was left to magnetically stir at 150 rpm until the Pluronic surfactants have 
completely dissolved. 1.8-2.8 ml of TEOS and 0.25-3 ml of toluene were added to the solution 
which was then covered and left to stir for 24 hrs. subsequently, the resulting mixture was then 
hydrothermally treated at 100-130 oC. Afterwards, the product was then vacuum filtered and left 
to dry in a vacuum oven for 24 hrs at 60 oC. The removal of the surfactant template was done by 
calcination at 300-550 oC under air for 5 hrs. 
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Hydrothermal Stability 
Calcined silica nanotubes underwent hydrothermal stability tests, in which 50-60 µg of 
sample was suspended in 20 ml of deionized water and was then placed in an oven at a 
temperature of 100 oC for 2-4 hrs. To recover the sample, the mixture underwent vacuum 
filtration.  
Small Angle X-Ray Scattering 
Small angle X-ray scattering (SAXS) patterns were acquired on a Bruker Nanostar U small-
angle/wide angle X-ray scattering instrument equipped with Cu Kα radiation source (rotating 
anode operated at 50 kV, 24 mA) and Vantec-2000 2-D detector. Powder samples were inserted 
in a 0.5 cm diameter hole of an aluminum sample holder which was then covered with a Kapton 
tape. 
Gas Adsorption 
Nitrogen adsorption isotherms at -196 °C were measured on a Micromeritics ASAP 2020 
volumetric adsorption analyzer. Samples were degassed under vacuum at 200 °C before the 
analysis. The specific surface area was calculated from adsorption isotherms using the BET 
method in the relative pressure range from 0.04 to 0.2. The total pore volume, denoted as Vt, was 
estimated from the amount adsorbed at a relative pressure of ~0.99, which point to pores of 
diameter up to about 100 nm for simple pore geometries, such as spherical or cylindrical. The 
micropore volume, denoted as Vmi, was determined using the αs plot method in the αs range from 
0.9 to 1.2 using a reference adsorption isotherm for a macroporous silica gel. Pore size 
distributions were evaluated using the Barrett-Joyner-Halenda (BJH) algorithm and the KJS 
calibration for cylindrical pores up to 7 nm in size, which results to an overestimation of 
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cylindrical pore size of above 7 nm in diameter. For SBA-15 silica with 2-D hexagonal structure, 
the pore diameter, denoted as wd, was also evaluated in a much more reliable way using the 
following equation:44 
𝑤𝑑 = 1.213𝑑100 (
𝑉𝑝
1
⍴ + 𝑉𝑝 +  𝑉𝑚𝑖
)
1
2
 
where d100 is (100) interplanar spacing determined from SAXS, ρ is the silica wall density 
(assumed to be 2.2 g/cm3), and the primary (ordered) mesopore volume, denoted as Vp, was 
evaluated as a difference between Vt and Vmi 
Transmission Electron Microscopy 
Transmission electron microscopy (TEM) images were taken on a FEI Tecnai Spirit microscope 
operated at 120 kV. Nanotube samples were usually imaged twice: once immediately after 
filtration and once after calcination. A small quantity of the sample was placed in a vial and 
suspended in ethanol. In some cases, in order to avoid possible distortions of nanotubes during 
filtration and drying, drops of reaction mixtures were suspended in ethanol and used for imaging. 
The suspension was sonicated for 5 min and a tiny drop was placed on a carbon-coated copper 
grid. Ethanol was allowed to dry before the samples were imaged. 
Solid-State NMR analysis 
29Si MAS NMR experiments were carried out on a NMRS 600 spectrometer equipped with a 
superconducting magnet with a field of 14.2 Tesla. The operating frequencies for 29Si is 119.186 
MHz. The samples were packed into a 1.6 mm ZrO rotor and loaded into a Phoenix NMR HXY 
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1.6  mm MAS probe. The delay was 5 s, whereas the 90 pulse was 2 µs. Number of scans was 
15000. The spinning rate was 8 kHz. The chemical shift reference was DSS (1.46 ppm). 
Table 4.1 Synthesis conditions of SBA-15 and nanotube (NT) samples prepared using 
F127:P123 and F127:P104 dual-surfactant template. Reprinted with permission from Ref.71 
Copywrite 2017 American Chemical Society. 
 
Sample  
Mass of 
Pluronic 
F127 (g) 
Mass of 
Pluronic 
P1xx (g) 
Volume 
of 
TEOS 
(ml)  
Volume of 
toluene(ml) 
Stirring 
rate 
(rpm) 
Hydrothermal 
treatment 
temperature 
(oC) 
SBA-15(P123)  0.8 0.2, P123 4.8 3 250 100 
SBA-15(0.2 P104)  0.8 0.2, P104 4.8 3 250 100 
SBA-15(0.3 P104)  0.7 0.3, P104 4.8 3 250 100,130 
SBA-15(0.4 P104)  0.6 0.4, P104 4.8 3 250 100 
NT(P104, 0.25tol, 
15oC) 0.7 0.3, P104 1.8 0.25 150 100 
NT(P104, 0.5 tol) 0.7 0.3, P104 2.3 0.5 150 100 
NT(P104, 0.75 tol)  0.7 0.3, P104 2.5 0.75 150 110 
NT(P104, 1 tol)  0.7 0.3, P104 2.8 1 150 110 
NT(P104, 1.5 tol)  0.7 0.3, P104 2.8 1.5 150 130 
NT(P104, 3 tol)  0.7 0.3, P104 2.8 3 150 130, 2 days 
NT(P123, 18 °C) 0.8 0.2, P123 2.8 3 150 120 
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4.3 Dual-surfactant templating system for SBA-15  
The starting point and the reference for the work done using dual-surfactant (mixed Pluronic 
surfactant) system as a template for both silica SBA-15 and nanotubes originate from a previous 
synthetic procedure that utilized a single surfactant: 1 g of Pluronic F127, 4.8 ml of TEOS, 3 ml 
of toluene at 250 rpm stirring at 11 oC in 2M HCl. This produced SBA-15 with a narrow pore 
size distribution peaking at 13.6 nm, as well as a highly ordered structure with a d100 spacing of 
22.1 nm for as-synthesized sample.47 Having a large arsenal of Pluronic surfactants as potential 
candidates to be used in conjunction with Pluronic F127, the use of Pluronic P123 was a good 
start due to it being widely used as a template for the synthesis of SBA-15. At the beginning, a 
conservative approach in the ratio of Pluronic F127:P123 was taken due to the use of toluene for 
the synthesis, which has a high extent of solubilization in Pluronic P123 due to the large content 
of PPO. Therefore, Pluronic F127:P123 ratios of 90:10, 80:20 and 70:30 were used to first assess 
the effect of Pluronic P123 in the dual-surfactant system (see Table 4.1). The Surfactant mixture 
of 80% F127 and 20% P123 was proven to be the best judging from SAXS (Figure 4.1) and 
TEM (Figure 4.2) data, which showed that 80:20 mixture yielded a large increase in d100 spacing 
(27.6 nm for as-synthesized, 25.2 nm for calcined samples based on SAXS) with the least 
compromise to overall order (when compared to the synthesis involving pure Pluronic F127). 
When compared to the synthesis based on single surfactant, the effect of synthesis temperature 
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on d100 spacing of samples prepared with the same Pluronic mixture (F127:P123) was small in 
the range of 11-21 oC (for these samples, see TEM, SAXS and gas adsorption data in Figure 4.3-
4.5); which is unorthodox since, in the past, d100 spacing can vary significantly with an increase 
of temperature by 10 oC in the presence of only one Pluronic surfactant.43–45 Gas adsorption 
analysis revealed that the pore diameter decreases as temperature increased in samples prepared 
at the temperature range of 11-21 oC which is more in line with the behavior of single surfactant 
templates, but the effect was moderate in the present case. TEM shows a slight degradation of 
overall order when synthesis temperature was increased. At 21oC, small pockets of spherical-
pore contaminants can be observed, whereas higher temperature of 25oC resulted in higher 
content of spherical-pore contamination. 
 
Figure 4.1 SAXS patterns of SBA-15 silica prepared using Pluronic F127:P123 mixtures of 
mass ratios of 90:10, 80:20, 70:30. 
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Figure 4.2 SBA-15 samples prepared with F127:P123 mixture with weight ratios of 90:10 (top 
left), 80:20 (top right), and 70:30 (bottom). 
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Figure 4.3 SBA-15 samples prepared using Pluronic F127:P123 surfactant mixture, with 
a weight ratio of 80:20, at temperatures of 13 oC (a), 15 oC (b), 17 oC (c), 19 oC (d), 21 oC (e) and 
25 oC (f). 
With the knowledge of an optimal ratio and temperature, the replacement of P123 (EO20 
PO70 EO20) with a Pluronic that has a lower fraction of PPO block such as Pluronic P104 (EO27 
PO61 EO27), resulted in a sample with improved overall order. The former bore a d100 spacing of 
26 nm for as synthesized material and 25.7 nm for calcined material. Ratios with higher content 
of Pluronic P104 such as 70:30 and 60:40 resulted in a large increase in d100 spacing of 33 nm 
(Figure 4.5); it is larger than any value reported for well-ordered SBA-15. Sample prepared with 
a hydrothermal treatment of 130oC had a lower d100 spacing values of 27 nm for as-synthesized 
and 26 nm for calcined samples, while overall order of the material drastically improved. Gas 
adsorption analysis revealed improved access to pores when hydrothermal treatment 
temperatures was increased from 100 to 130oC (based on significantly decreased width of the 
hysteresis loop, see Figure 4.6). Both isotherms exhibited steep capillary condensation steps. A 
broad hysteresis loop was observed in the case of the sample hydrothermally treated at 100 oC. 
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On the other hand, a narrow hysteresis loop for the sample treated at 130oC was observed which 
can be attributed to larger pore entrances to the mesopores in the material.44  
 
Figure 4.4 Small angle X-ray scattering of samples prepared with F127:P123 surfactant system 
at different temperatures (left) and samples prepared with Pluronic F127:P104 surfactant with 
different ratios (right). Reprinted with permission from Ref. 71 Copywrite 2017 American 
Chemical Society. 
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Figure 4.5 Nitrogen adsorption Isotherms (left) and pore size distributions (right) of samples 
prepared with Pluronic F127:P123 mixture at a ratio of 80:20 at different synthesis temperatures. 
Reprinted with permission from Ref. 71 Copywrite 2017 American Chemical Society.
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Figure 4.6 Nitrogen adsorption of samples prepared with F127:P104 surfactant mixture at 
different ratios (upper left and right) and different hydrothermal treatment temperatures (lower 
left and right). Reprinted with permission from Ref. 71 Copywrite 2017 American Chemical 
Society. 
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4.4 Dual-surfactant templating system for silica nanotubes 
A transition from 2D-hexagonal structure to nanotubes was shown to involve the amount of 
silica precursor to be reduced from 4.8 ml to 2.8 ml; a 41.5% difference. A similar procedure 
was followed in obtaining nanotubes from SBA-15 synthesized using only one Pluronic 
surfactant.47 This finding was used as a starting point of work on nanotubes. A lower stirring rate 
of 150 rpm (instead of 250 rpm used for 2D- hexagonal material) was adopted in order to reduce 
a possible extent of the sphere contamination in the nanotube product (see Chapter 3). At first, a 
mixture of Pluronic F127 with P123 at 80:20 ratio was explored for its the potential for 
producing silica nanotubes. At a hydrothermal treatment temperature of 100 oC, ultra-large-pore 
silica nanotubes were apparently produced, but they had extremely poor structural integrity. 
TEM images showed folded regions in the nanotube structure, which suggests that the nanotubes 
collapse and adopt a ribbon-like structure (see Figure 4.7) rather than maintaining the cylindrical 
structure that is expected from templating by cylindrical micelles. The removal of the surfactant 
template whether by calcination or ethanol extraction lead to complete collapse of the nanotube 
structures (Figure 4.8). In some cases, even mere drying of the sample resulted in a similar 
effect. To overcome this, a number of modifications were conducted such as replacement of 
Pluronic P123 with P104, lowering the amount of toluene and increasing hydrothermal treatment 
temperature. With the substitution of Pluronic P123 with P104, a similar phenomenon of 
flattening and twisting of the nanotubes was observed. The lowering the amount of toluene in the 
reaction mixture at 0.5 ml decrements from 3 to 0.5 ml (see Figure 4.9, 4.10), resulted in 
improved structural integrity at lower toluene amounts (for conditions, see Table 4.1). 
Incidentally, it was also observed that the substantial lowering of the toluene amount (below 2 
ml) resulted in nanotubes with smaller diameter than those obtained with 3 ml of toluene with 
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stable nanotube having diameters in the range achieved earlier with a single surfactant 
template.47  
 
Figure 4.7 Nanotubes prepared with Pluronic F127:P123 surfactant mixture with (left) 100 oC 
hydrothermal treatment and (right) 120 oC hydrothermal treatment. 
 
Figure 4.8 Nanotubes prepared with Pluronic F127:P123 (left) and F127:P104 (right) surfactants 
mixture at 100 oC Hydrothermal treatment after vacuum drying and surfactant removal. 
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The flattening of the tubes may be enabled by a low degree of silica framework 
condensation, which can lead to high flexibility due to thin walls of the material. An examination 
by solid-state NMR (Figure 4.11) revealed that sample prepared using a hydrothermal treatment 
at 100 oC contained 53% of silicon atoms being fully condensed (Q4 , Si(OSi)4), 41% of Q
3 
silicons (Si(OSi)3(OH)) and 6% Q
2 silicons (Si(OSi)2(OH)2). These values are typical for porous 
silica and they do not immediately explain the poor structural integrity of nanotubes. The 
hydrothermal treatment temperature of 120 and 130oC greatly increased the structural integrity of 
the silica nanotubes prepared at high toluene contents (3 ml) and removal of the surfactant 
template did not negatively impact structural integrity of nanotubes. Upon inspection by solid-
state NMR, percentage of Q4 sites greatly increased. At 120oC, the sample contained 70% of 
silicon atoms with Q4 configuration and 30% of silicon atoms with Q3 configuration. Q4 value 
was increased further at 130oC with silicon atoms being 78% Q4 and 22% with Q3. There is an 
indication that the higher percentage of Q4 sites should lead to higher stability of the overall 
structure of the silica nanotubes, which is highly apparent in TEM images of samples prepared at 
higher hydrothermal treatment temperatures of 120 and 130 oC.  
  Chapter 4 
 
66 
 
  
  
  Chapter 4 
 
67 
 
  
Figure 4.9 TEM images of as-synthesized silica nanotubes prepared with F17:P104 mixture with 
a ratio of 70:30. Each image corresponds to a sample prepared with 0.25 (a), 0.5 (b), 0.75 (c), 1 
(d), 1.5 (e), and 3 (f) ml of toluene.    
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Figure 4.10 TEM images of calcined (300 oC) silica nanotubes prepared with F127:P104 
mixture with a ratio of 70:30. Each image corresponds to a sample prepared with 0.25 (a), 0.5 
(b), 0.75 (c), 1 (d), 1.5 (e), and 3 (f) ml of toluene.    
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Figure 4.11 Solid-state 29Si MAS NMR results for samples prepared with hydrothermal 
treatment temperatures of 100 oC (right), 120 oC (middle) and 130 oC(left).  
Samples prepared using 1 and 1.5 ml of toluene (per 1g of Pluronic mixture) also 
exhibited an increase in robustness after an increase in hydrothermal treatment temperature. At 
lower toluene amounts ranging from 0.25 to 0.75 ml, it was necessary to further optimize 
reaction conditions (Table 4.1), such as TEOS amount and initial synthesis temperature to 
guarantee nanotube formation. After obtaining robust silica nanotubes at different amounts of 
toluene, gas adsorption analysis revealed an increase in pore diameter as higher volumes of 
toluene were used. Overall the BET specific surface area of the series decreases as amount of 
toluene used increased (Table 4.2), which can be due to lower micropore volume exhibited by 
samples prepared with 1.5 and 3 ml of toluene related to a higher hydrothermal treatment 
temperature. The total pore volume, which factors inner tube volume, micropore volume (in the 
walls) and voids between the tubes (of sufficiently small size to exhibit capillary condensation) 
did not change much with the toluene volume. As for pore diameters, the BJH adsorption 
Q4 (Si(OSi)
4
) 
Q3 (Si(OSi)
3
(OH)) 
Q2 (Si(OSi)
2
(OH)) 
53% 
41% 
6% 
Q3 
Q4 
30% 
70% 
Q4 
Q3 
78% 
22% 
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analysis with KJS correction yielded a series of 10.3, 15, 20, 28, 43, and 61 nm pore diameters 
for samples prepared at 0.25,0.5,0.75,1,1.5 and 3ml of toluene. It is well known44,45 that this 
method overestimates diameter of cylindrical pores. Therefore, the comparison with previous 
data gathered on cylindrical mesopores, 44,45 more accurate pore diameters of samples prepared 
with 0.5, 0.75 and 1 ml of toluene were estimated as 13, 17 and 21 nm. For samples prepared at 
1.5 and 3 ml, pore diameters of about 32 and 35nm were estimates based on the TEM images 
that were gathered.  
 
Figure 4.12 Nitrogen adsorption isotherms (left) and pore size distributions (right) of samples 
prepared with Pluronic F127:P104 mixture with a ratio of 70:30 with different volumes of 
toluene. Reprinted with permission from Ref. 71 Copywrite 2017 American Chemical Society. 
 
 
  Chapter 4 
 
71 
 
 
 
 
 
Table 4.2 BET specific surface area, total pore volume, micropore volume and BJH-KJS pore 
diameter of silica nanotube samples prepared with Pluronic mixtures of F127 and P104 with 
different volumes of toluene as well as F127 and P123 with higher initial synthesis temperature. 
Reprinted with permission from Ref. 71 Copywrite 2017 American Chemical Society. 
To assess the hydrothermal stability of the silica nanotubes produced, the water treatments of 
samples hydrothermally treated and calcined at 300 and 550 oC were conducted at 100 oC for 2 
and 4 hrs. After the tests were conducted, samples underwent gas adsorption and TEM analysis 
Sample 
BET 
Specific 
Surface 
Area (m2/g) 
Total Pore 
Volume (cm3/g)  
Micropore 
Volume 
(cm3/g) 
BJH-KJS 
Pore 
Diameter 
(nm) 
NT(P104, 0.25 tol)  911 1.74 0.05 10.3 
NT(P104, 0.5 tol)  795 1.75 0.06 15 
NT(P104, 0.75 tol)  734 1.93 0.05 20 
NT(P104, 1 tol)  785 2.08 0.04 28 
NT(P104, 1.5 tol)  430 1.91 0 43 
NT(P104, 3 tol)  424 1.87 0.01 61 
NT(P123, 18 °C)  679 1.99 0.04 46 
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(Figures 4.13-4.16). For sample calcined at 300oC, lower adsorption capacity as well as slight 
broadening of the hysteresis loop can be observed in sample treated for 2 hrs. This was amplified 
by greater time of 4 hrs in 100 oC water, which suggests that overall nanotube structure is 
affected. TEM images show majority of the nanotube morphology is conserved at 2 hr, but at 4 
hr, signs of degradation were clearly evident. The sample calcined at 550 oC exhibited a similar 
isotherm compared to 300 oC, but with slightly lower surface area and adsorption capacity yet 
expressed higher stability when exposed to the same water treatment as the sample calcined at 
300oC. The isotherm revealed no change in adsorption capacity (even though there was a 
decrease in the capillary condensation pressure, see Figure 4.13) and TEM images show no 
overall change in the structure even after 4 hrs in 100 oC water. Interestingly enough, then 
nanotubes sample hydrothermally treated at 120 oC (instead of 130 oC) exhibited even higher 
stability as it exhibited only minor changes upon water treatment for  4 hours, as seen from 
nitrogen adsorption (Figure 4.13).This indicates that nanotubes prepared with a dual-surfactant 
template are similarly stable when compared to same commonly used silica structures, like 
MCM-41, that underwent similar treatment.  
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Figure 4.13  Nitrogen adsorption isotherms of silica nanotube samples water treated at 100 oC 
for 2 and 4 hrs after removal of surfactant template at 300 oC (left) and 550 oC (right); these are 
compared to samples that did not undergo the water treatment. Reprinted with permission from 
Ref. 71 Copywrite 2017 American Chemical Society. 
 
Figure 4.14  Nitrogen adsorption isotherms of samples (left) calcined at 300 and 550 oC and 
(right) sample hydrothermally treated at 120 oC and calcined at 550 oC before and after water 
treatement for 2 and 4 hrs. Reprinted with permission from Ref. 71 Copywrite 2017 American 
Chemical Society. 
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Figure 4.15 TEM images of calcined (300 oC) silica nanotubes prepared with Pluronic 
F127:P104 mixture with a ratio of 70:30 (Hydrothermally treated at 130 oC) after water treatment 
at a 100 oC  for 2 hr(left) and 4 hr (right).  
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Figure 4.16 TEM images of calcined (550 oC) silica nanotubes prepared with Pluronic 
F127:P104 mixture with a ratio of 70:30 (Hydrothermally treated at 130 oC)  after water 
treatment at a 100 oC  for 2 hr (left) and 4 hr (right). 
Unlike in the case of silica nanotubes prepared with only one Pluronic surfactant template,47 the 
ones that were prepared with a dual-surfactant system exhibited a wide array of pore diameters 
ranging from 10 nm to 35 nm. This is possible due to the adjustment of composition of the 
micelle template by replacing a portion of the original Pluronic surfactant, which is composed of 
as much as 70% hydrophilic PEO, with a smaller surfactant that has a much lower content of 
PEO (40%) and higher content of PPO compared to Pluronic F127(Scheme 4.1). This allows for 
adjustment of the extent of solubilization for the overall micelle template, which means that 
higher amount of toluene can be solubilized inside the formed micelle, ultimatly increasing the 
overall size. One can also lower the degree of swelling by either decreasing the content of the 
swelling agent, increasing the percentage of Pluronic F127 or one can substitute a portion of 
Pluronic F127 with “a less hydrophobic” Pluronic, which is expected to lead to a lower uptake of 
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the swelling agent. The use of a dual-surfactant system also eliminates an extreme temperature 
sensitivity, which is observed typically for swollen Pluronic surfactants at sub-ambient 
temperature (11-25 oC) but not seen for SBA-15 samples prepared with F127:P123 mixture in 
the considered temperature range. Overall unit cell size and structure were conserved quite well 
over a wide range of temperatures, which does not seem possible using only one surfactant. In 
the case of nanotubes, this conservation of structure is unfortunately not present at 3 ml of 
toluene when examining reaction mixture before hydrothermal treatment, in which no indication 
of nanotubes can be seen compared to a reaction mixture with only 0.25 ml of toluene present 
(Figure 4.17).  After some optimization, it could be possible to syntesize silica nanotubes and 
SBA-15 at room temperature with no loss in structure or the ability for fine tuning pore diameter. 
The purity seems to be vastly superior in dual-surfactant system, where a significaly lower 
content of impurities and larger ordered domain size is observed compared with similar system 
with only Pluronic P123 or F127 present as the micelle template. This is due to the quite high 
overall PPO content in the micelle template, which is more effective at forming cylindrical 
micelles than a system with higher PEO content.  
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Figure 4.17 TEM images of silica nanotubes prepared with F127:P104 mixture with a ratio of 
70:30,  before hydrothermal treatment with 3 ml(left) and 0.25ml (right) of toluene. 
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Scheme 4.1 Schematic representation comparing single Pluronic (left) and mixed Pluronic 
(right) micelle systems. 
Summary 
Ultra-large-pore SBA-15 as well as silica nanotubes were synthesized using dual-surfactant 
system of Pluronics F127:P123 and F127:P104. SBA-15 synthesized with F127:P104 mixture 
had a high degree of order and some samples exhibited the highest recorded d100 spacing for 2D-
hexagonal SBA-15 material. Silica nanotubes synthesized with dual-surfactant system exhibited 
high degree of thermal and hydrothermal stability with the ability to obtain pore diameters 
ranging from 10 to 35nm with the adjustment of the amount of toluene and the appropriate 
hydrothermal treatment temperature. The comparison to similar materials prepared with only one 
surfactant, suggests that the  use of dual-surfactant system is far superior in purity, diameter 
tunability and achievable maximum diameter. 
PEO 
Block 
PPO 
Block 
Swelling 
agent 
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Chapter 5 
 
Synthesis of Organosilica Nanotubes 
Using a Wide Variety of Mixed 
Pluronic Surfactant Templates 
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5.1 Background 
The synthesis of periodic mesoporous organosilica materials bearing cubic58,85,86 and 2D-
hexagonal59,87 structures has been extensively studied in previous years. An advantage of 
organosilica to silica materials is the presence of an organic bridging group between silica atoms. 
This allows for a more robust framework than traditional silica, which can readily degrade at 
higher pH and extreme hydrothermal conditions, as well as increased possibilities for potential 
applications in adsorption, catalysis, drug delivery or chemical modification.88–90 In the realm of 
single-micelle-templated materials, nanospheres containing organosilica frameworks with 
different organic bridging groups have also been well developed.55–57 Although it has been 
relatively easy to synthesize silica nanotubes, (even if their morphology was often poorly 
defined) only pure organosilica frameworks such as phenylene-bridged organosilica (from  
bis(triethoxysilyl)benzene) 65,66,91–93 and ethylene-bridged organosilica (from 
bis(trimethoxysilyl)ethane or bis(triethoxysilyl)ethane) 60,65,66,93were successfully synthesized as 
nanotubes using Pluronic surfactant soft-templating method. Our use of dual-surfactant system as 
a template for silica nanotubes has been very effective at fabricating silica nanotubes at a range 
of 10-35 nm inner diameter (Chapter 4),71 and this has been utilized to synthesize ethenylene, 
xylylene and ethylene bridged organosilica nanotubes with high degree of robustness by one of 
our research group members.72 However, the synthesis of phenylene and methylene-bridged 
organosilica nanotubes was far from successful. Herein, the development of the synthesis of high 
quality nanotubes of this kind is discussed.72 The synthesis of other organosilica compositions is 
also described. 
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5.2 Expermiental Section 
Phenylene-bridged Organosilica Nanotubes 
For phenylene -bridged nanotubes, Pluronic F127 (0.8 g) and Pluronic P104(0.2 g) were added to 
a jacketed beaker containing 60 ml 2 M HCl. The mixture underwent magnetic stirring at 200 
rpm at an ambient temperature of 11 oC. After the surfactants have been thoroughly dissolved, 2 
ml 1,4-bis(triethoxysilyl)benzene and 3 ml of toluene were added to the reaction mixture and left 
to stir for 1 day. The resulting reaction mixture was hydrothermally treated in a closed 
polypropylene bottle for 1 day at 100 oC. Sample was then filtered and vacuum dried at 60 oC. 
Calcination was conducted. 
Methylene-bridged Organosilica Nanotubes 
For methylene -bridged nanotubes, F127 (0.6 g) and P104 (0.4 g) were added to a jacketed 
beaker containing 60 ml 2 M HCl. The mixture underwent magnetic stirring at 200 rpm at an 
ambient temperature of 11oC. After the surfactants have been thoroughly dissolved, 2.8 ml 
bis(triethoxysilyl)methane and 3 ml of toluene were added to the reaction mixture and left to stir 
for 1 day. The resulting reaction mixture was hydrothermally treated in a closed polypropylene 
bottle for 1 day at 100 oC. Sample was then filtered and vacuum dried at 60 oC. The Calcination 
was conducted as described above. 
 
Hydrothermal stability 
  Chapter 5 
 
82 
 
The hydrothermal stability test was performed by dispersing about 0.05 g-0.06 g of organosilica 
nanotube sample in 20 ml of DI water and heating at 100 °C for 1 day.  
Gas Adsorption 
Nitrogen adsorption isotherms at -196 °C were measured on a Micromeritics ASAP 2020 
volumetric adsorption analyzer. Samples were outgassed under vacuum at 200 °C before the 
analysis. The specific surface area was calculated from adsorption isotherms using the BET 
method in the relative pressure range from 0.04 to 0.2. The total pore volume, Vt, was estimated 
from the amount adsorbed at a relative pressure of ~0.99, which corresponds to pores of diameter 
up to about 100 nm for simple pore geometries, such as spherical or cylindrical. The micropore 
volume, Vmi, was evaluated using the αs plot method in the αs range from 0.9 to 1.2 using a 
reference adsorption isotherm for a macroporous silica gel. Pore size distributions were 
evaluated using the Barrett-Joyner-Halenda (BJH) algorithm and the KJS calibration for 
cylindrical pores up to 7 nm in size. This method is known to overestimate the size of cylindrical 
pores above 7 nm in diameter.  
Transmission Electron Microscopy 
Transmission electron microscopy (TEM) images were taken on a FEI Tecnai Spirit microscope 
operated at 120 kV. Nanotube samples were usually imaged twice: once immediately after 
filtration and once after calcination. A small quantity of the sample was placed in a vial and 
suspended in ethanol. The suspension was sonicated for 5 min and a tiny drop was placed on a 
carbon-coated copper grid. Ethanol was allowed to dry before the samples were imaged. 
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Solid-State NMR analysis 
29Si MAS NMR experiments were carried out on a NMRS 600 spectrometer equipped with a 
superconducting magnet with a field of 14.2 Tesla. The operating frequencies for 29Si is 119.186 
MHz. The samples were packed into a 1.6 mm ZrO rotor and loaded into a Phoenix NMR HXY 
1.6mm MAS probe. The delay was 5 s, whereas the 90 pulse was 2µs. Number of scans was 
15000. The spinning rate was 8kHz. The chemical shift reference was DSS (1.46ppm). 
 
5.3 Dual mixture surfactant template 
Methylene-bridged 
Methylene-bridged nanotubes were synthesized using Pluronic F127:P104 mixture. It should be 
noted that the Pluronic F127:P104 mixture was found to be clearly superior to Pluronic 
F127:P123 mixture even though there was still a sphere contamination present even in the former 
case. Using carefully selected ratios of Pluronic F127 to P104, such as 70:30 and 60:40, greatly 
improved the overall purity of the nanotubes even though some spheres were still apparent 
(Figure 5.1).  Gas adsorption isotherm shows high adsorption capacity and a slightly broader 
pore size distribution compared to other organosilica nanotube compositions.72 Out of all the 
organosilica nanotubes synthesized, including ethenylene-bridged, xylylene-bridged, and 
ethylene-bridged ones, methylene-bridged nanotubes yielded the highest pore diameters (Figure 
5.2). In an effort to determine whether the pore diameter can be tuned, the amount of swelling 
agent was lowered (similar to what was done with silica nanotubes). The results show that a 
range of 14-21 nm was achieved by adjusting toluene content (Figure 5.3), where highest pore 
diameter was obtained at 2 ml toluene and lowest pore diameter was at 1 ml; size obtained by 3 
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ml of toluene was between 1.5 and 2 ml after surfactant removal. The TEM images for the 
products are shown in Figure 5.4. NMR analysis was also done which showed no C-Si cleavage 
took place; peaks of -63 and -67ppm corresponded to T2 and T3 sites.   In silica samples, 
29Si 
NMR detects Q2, Q3 and Q4 peaks at around -90 to -120 ppm which corresponds to silica species 
that are fully condensed (Q4), with one hydroxyl group (Q3) or two hydroxyl groups (Q2). For 
organosilica samples, the presence of a carbon atom deshields the silicon atom which results in 
signals shifted downfield at around -60 to -80 ppm. These signals can be further characterized as 
T4(CSiO3),T
3
 (CSiOH) and T
2 (CSiOH2) sites. The presence of cleavage would be indicated by 
presence of Q2, Q3 or Q4 sites.   
 
 
Figure 5.1 TEM images of methylene-bridged organosilica nanotubes synthesized using a 
mixture of F127 and P104 with weight ratio of 80:20 (left) and 60:40 (right) 
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Figure 5.2 Nitrogen adsorption isotherm (Left) and pore size distribution (Right) of organosilica 
nanotubes syntheized using methylene-bridged organosilane at a Pluronic F127:P104 ratio of 
60:40. Taken from Ref72. Copywrite (2018) Elsevier. 
 
Figure 5.3 Nitrogen adsorption isotherms (Left) and pore size distributions (Right) of 
methylene-bridged organosilica nanotubes using different amounts of toluene. Taken from Ref72. 
Copywrite (2018) Elsevier. 
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Figure 5.4 TEM images of as-synthesied (left images) and calcined (right images) methylene-
bridged organosilica nanotubes synthesized using a mixture of Pluronic F127 and Pluronic P104 
with weight ratio of 60:40 using 1 ml (top), 1.5ml (middle) and 2 ml( bottom) of toluene. 
 
Figure 5.5 29Si CP MAS NMR spectra of calcined methylene-bridged organosilica nanotubes. 
Taken from Ref72. Copywrite (2018) Elsevier. 
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Phenylene-bridged 
In an earlier work of one of our group members, phenylene-bridged nanotubes were synthesized 
using Pluronic F127:P123 mixture at a ratio of 80:20. The surfactant template yielded well-
defined nanotubes as well as very high quantity of large sphere contamination. This was 
remedied by utilizing another surfactant mixture of Pluronic F127:P104 at the same ratio. This 
rendered well defined nanotubes in the absence of sphere contamination (Figure 5.6). Gas 
adsorption isotherms show appreciable adsorption capacity as well as provided evidence of 
narrow pore size distribution peaking at 14 nm (Figure 5.7). NMR analysis again shows a similar 
story with no carbon-silicon bond clevage present; only peaks at -71 and -79 ppm are present 
which corresponds to T2 and T3 sites (Figure 5.8).  
 
 
 
Figure 5.6 Phenylene-bridged organosilica nanotubes synthesized using F127:P123 in ratio of 
80:20 (left), F127:P104 in ratio of 80:20 as-synthesized (middle) and calcined (right).  
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Figure 5.7 Nitrogen adsorption isotherm and pore size distribution of phenylene-bridged 
organosilica nanotubes. Taken from Ref72. Copywrite (2018) Elsevier. 
 
 
 
Figure 5.8 29Si CP MAS NMR spectra of calcined phenylene-bridged organosilica nanotubes. 
Taken from Ref72. Copywrite (2018) Elsevier. 
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Biphenylene-bridged organosilicas 
An attempt was made to utilize biphenylene-bridged organosilane precursor in the synthesis of 
organosilica nanotubes. While somewhat successful, large amounts of contaminants, rough walls 
and other unusual nanoscale features were observed along side nanotube-like features (Figure 
5.9). The product produced was extremely heterogeneous where a solid and a liquid portion was 
observed and different looking materials when analyzed using TEM. In an attempt to optimize 
the synthesis, the reduction to the amount of organosilane as well as the increase in the stirring 
rate produced even more heterogeneous materials. I believe that this particular organosilane 
precursor can produce well-defined organosilica nanotubes using the dual-surfactant method if 
further optimization was conducted; but the cost of the precursor was prohibitly high to continue 
the work. 
 
Figure 5.9 TEM images of heterogeneous biphenylene-bridged organosilica nanotube. The 
product was divided into a liquid (left) and a solid(right) part.  
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5.4 Hydrothermal stability  
To determine the overall stability of the organosilica nanotubes, small samples of ethylene and 
phenylene-bridged nanotubes underwent hydrothermal treatment at 100 oC for 1 day after the 
removal of the surfactant template. The effect of such a treatment was monitored by gas 
adsorption analysis. For ethylene-bridged organosilica nanotubes, slight decrease in the 
adsorption capacity was observed after water treatment yet pore diameter was relatively 
unchanged; a similar trend was observed in phenylene-bridged organosilica nanotubes when the 
same water treatment was used. Compared to silica nanotubes, which drastically lose original 
character after only 4 hrs of water treatment (unless the hydrothermal treatment and calcination 
conditions are carefully selected), organosilica nanotubes are far superior in terms of stability, 
which is consistent with previously reported information on organosilica material stability.  
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Figure 5.10 Nitrogen adsorption isotherm (Left) and pore size distributions (Right) of ethylene-
bridged organosilica nanotubes before and after water treatment at 100 oC for 1 day. Taken from 
Ref72. Copywrite (2018) Elsevier. 
 
Figure 5.11 Nitrogen adsorption isotherm (left) and pore size distributions (right) of phenylene-
bridged organosilica nanotubes before and after water treatment at 100 oC for 1 day. Taken from 
Ref72. Copywrite (2018) Elsevier. 
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5.5 Summary 
Organosilica nanotubes with methylene and phenylene bridging groups were successfully 
synthesized using dual-surfactant template. Nanotubes synthesized using dual-surfactant 
template exhibited high degree of stability, robustness, uniformity and tunability of pore 
diameter.
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Chapter 6 
Synthesis of Silica Nanospheres Using 
Mixed Pluronic Surfactant Templates 
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6.1 Background 
 The use of Pluronic surfactants to template silica and organosilica nanospheres has been widely 
reported in recent years.47,50,51,60,61,63,94 For silica nanospheres, a wide range of pore diameters 
can be easily syntheized,47,51,94 while for organosilica nanospheres, large number of different 
organosilanes have been successfully used as precursors. In the previous chapters, it has been 
discussed that the synthesis of single-micelle templated, materials such as nanotubes, is possible 
with a mixture of Pluronic surfactants. This Chapter will discuss the use of dual-surfactant 
templates for the synthesis of nanospheres with size tunability similar to that of nanotubes. 
6.2 Experimental Section 
Synthesis 
A mixture of Pluronic F127 and P84 (EO19PO43EO19) or P123 was  placed in a double-jacketed 
beaker, which is attached to a refrigerated water bath set at 11oC, along with 60 ml of 2 M HCl. 
The mixture was left to magnetically stir at 150-300 rpm until the Pluronic surfactants have 
completely dissolved. TEOS and toluene were then added to the solution, which was 
subsequently covered and left to stir for 24 hrs. Resulting mixture was then hydrothermally 
treated at 100-130 oC. Afterwards, the product was vacuum-filtered and left to dry in a vacuum 
oven for 24 hrs. Removal of the surfactant template was done by calcination at 300-550 oC under 
air or argon for 5 hrs. 
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Gas Adsorption 
Nitrogen adsorption isotherms at -196 °C were measured on a Micromeritics ASAP 2020 
volumetric adsorption analyzer. Samples were outgassed under vacuum at 200 °C before the 
analysis. The specific surface area was calculated from adsorption isotherms using the BET 
method in the relative pressure range from 0.04 to 0.2. The total pore volume, Vt, was estimated 
from the amount adsorbed at a relative pressure of ~0.99, which corresponds to pores of diameter 
up to about 100 nm for simple pore geometries, such as spherical or cylindrical. The micropore 
volume, Vmi, was evaluated using the αs plot method in the αs range from 0.9 to 1.2 using a 
reference adsorption isotherm for a macroporous silica gel. Pore size distributions were 
evaluated using the Barrett-Joyner-Halenda (BJH) algorithm and the KJS calibration for 
cylindrical pores up to 7 nm in size. This method is known to underestimate the size of spherical 
mesopores.95  
 
Transmission Electron Microscopy 
Transmission electron microscopy (TEM) images were taken on a FEI Tecnai Spirit microscope 
operated at 120 kV. Nanosphere samples were usually imaged twice: once immediately after 
filtration and once after calcination. A small quantity of the sample was placed in a vial and 
suspended in ethanol. In some cases, in order to avoid possible distortions of nanospheres during 
filtration and drying, drops of reaction mixtures were suspended in ethanol and used for imaging. 
The suspension was sonicated for 5 min and a tiny drop was placed on a carbon-coated copper 
grid. Ethanol was allowed to dry before the samples were imaged. 
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6.3 Dual-surfactant system for synthesis of silica nanospheres 
 
When Pluronic F127 was utilized for the synthesis of both nanotubes and nanospheres, 
higher stirring rates and stirring times was used to obtain nanospheres and vice versa was true to 
obtain nanotubes. A previously reported synthesis, which utilizes mixture of Pluronic F127 and 
Pluronic P123, produced ultra-large-pore silica nanotubes,71 but may also yield large 
nanospheres as well, if the stirring rate and time was increased to the same degree as with 
samples prepared with Pluronic F127. A mixture of Pluronic F127 and P123 with a weight ratio 
of 80:20, along with 2.8 ml of TEOS and 3 ml of toluene, underwent stirring at 350 rpm for 2 
days (Figure 6.1). This produced silica nanospheres that were heterogeneous in shape as well as  
of comparable size to silica nanospheres synthesized by using only one Pluronic surfactant.47,94 
In hope  to improve the quality of the nanospheres, a higher synthesis temperature of 18 oC 
produced similar results (Figure 6.2); this is synonymous with results obtained for silica 
nanotubes in which no change was observed when synthesis temperature was increased by 7 oC 
(from 11 to 18oC). The synthesis temperature was further increased to 25 oC which resulted in a 
massive increase of nanosphere diameter but also high degree of non-uniformity (Figure 6.3). 
Lowering the toluene amount to 1 ml resulted in a much smaller diameter compared to the 3 ml 
sample, which indicates a potential for size tuning. 
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Figure 6.1 TEM image of nanospheres synthesized using Pluronic F127:P123 template with a 
weight ratio of 80:20 under stirring at 350 rpm for 2 days at 11 oC.  
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Figure 6.2 TEM images of nanospheres synthesized using Pluronic F127:P123 template with a 
weight ratio of 80:20 under stirring at 350 rpm for 2 days at 18 oC. 
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Figure 6.3 TEM images of nanospheres synthesized using Pluronic F127:P123 template with a 
weight ratio of 80:20 and 3 ml (left) or 1 ml (right) of toluene under stirring at 350 rpm for 2 
days at 25 oC. 
  
A mixture of Pluronic F127:P104 (in a 70:30 weight ratio) was also explored for the use 
as a surfactant template for the synthesis of silica nanotubes. Employing high stirring rate of 500 
rpm achieved silica nanospheres, which appear to collapse, forming disk-like structures (Figure 
6.4). This is similar to the silica nanotube synthesis, which yields collapsed ribbon-like structures 
when hydrothermal treatment of 100oC is used.  
A further modification to the nanotube synthesis in which P104 is replaced with P84 
yielded nanotube bundles with a significant amount of spherical contamination (Figure 6.5). 
Increasing the stirring time to 2 days further increase the nanosphere population while decreasing 
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the overall length of the nanotube bundles. Increasing the stirring rate to 300 rpm produced 
robust silica nanospheres (Figure 6.6). A lower toluene content (2 ml) as well as lower stirring 
rate (150 rpm) also produced silica nanospheres using the same Pluronic mixture. Nitrogen 
adsorption isotherm, of samples prepared with 2 and 3 ml of toluene and calcined at 550 oC 
(Figure 6.7) showed broad hysteresis loops and allowed us to evaluate the BET specific surface 
areas of 680 m²/g and 658 m²/g respectively, as well as total pore volumes of 1.41 cm³/g and 
1.31 cm³/g, respectively. The pore size distributions both peaked at 38 nm, but the sample 
prepared with 3 ml toluene had a broader pore size distribution shifted to somewhat larger pore 
sizes than sample prepared with 2 ml of toluene. It, being both the pore size and the non-
uniformity expressed in nitrogen adsorption data (Figure 6.7), may also be attributed to the 
higher stirring rate (300 rpm for 3 ml toluene compared to 150 rpm for 2 ml of toluene). 
Calcining samples at 300oC produced narrower pore size distributions for samples prepared 
using 3 and 2 ml of toluene (Figure 6.8). The BET specific surface area of 893 m²/g and pore 
volume of 2.00 cm³/g was observed for sample prepared using 3 ml of toluene, which are much 
higher than those for the sample calcined at 550oC. Compared to the nanospheres synthesized 
using only Pluronic F127 under the same reaction conditions and calcination temperature, they 
bear many similarities, such as the pore diameter (35.9 nm vs 38 nm) and surface area(764 m²/g 
vs 680 m²/g).47 
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Figure 6.4  TEM image of Sample prepared at 500 rpm stirring using Pluronic F127:P104 
mixture at a weight ratio of 70:30.  
 
 
 
 
Figure 6.5 TEM images of samples prepared using Pluronic F127:P84 mixture with a weight 
ratio of 70:30 with 1 day (left) and 2 day (right) stirring at 150 rpm. 
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Figure 6.6 TEM images of silica nanospheres synthesized using Pluronic F127:P84 mixture with 
2ml of toluene and stirring of 150 rpm (left) and with 3 ml of toluene and stirring rate of 300 rpm 
(right) 
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Figure 6.7 Nitrogen adsorption isotherms (left) and pore size distributions (right) of silica 
nanosphere samples synthesized with Pluronic F127:P84 mixture. The calcination was done at 
550 oC. 
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Figure 6.8 Nitrogen adsorption isotherms (left) and pore size distributions (right) of silica 
nanosphere samples synthesized with Pluronic F127:P84 mixture. The calcination was done at 
300 oC. 
 
 Comparing the Pluronic mixture system discussed in chapter 4 with the Pluronic mixture 
system of F127:P84, it seems that a decrease in size of the secondary surfactant facilitates the 
formation of nanospheres rather than nanotubes. Since Pluronic F127 has the ability to template 
nanospheres, it requires longer stirring and faster stirring speeds compared to system of Pluronic 
F127:P84 (Chapter 3). Pluronic P84 (PEO19PPO43 PEO19) may cause an increase in sensitivity to 
shearing force due to stirring. 
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6.4 Summary 
An attempt to synthesize silica nanospheres using Pluronic mixture F127:P123 was done, but 
failed to produce nanospheres with uniform sizes. This mixture also expressed size tunability in 
which smaller amounts of toluene (1 ml instead of 3 ml) resulted in a much smaller nanospheres. 
In hopes to increase the uniformity of silica nanospheres synthesized by mixtures of Pluronic 
surfactants, Pluronic mixture F127:P84 was successful in synthesizing uniform silica 
nanospheres with the potential for size tunability similar to the Pluronic F127:P123 mixture.   
  Chapter 7 
 
107 
 
Chapter 7 
 
Conclusions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Chapter 7 
 
108 
 
Even though the synthesis of mesoporous silica (and to a lesser extent organosilica) nanotubes 
was extensively studied, it was underdeveloped in general and in the realm of surfactant-
templated materials if one considers many important characteristics such as inner void 
uniformity and size control, as well as the scale of the synthesis, which was usually very small. 
In this dissertation, the work on mesoporous nanotubes made of silica or organosilica was 
outlined. New perspectives opened by the use of Pluronic surfactant mixtures were highlighted. 
Including the tunability of the inner tube diameter. Suitable characterization methods were also 
advanced, including the use of 3-D TEM based on tilt experiments. In Chapter 2, transmission 
electron microscopy imaging of periodic mesoporous silica with 2D-hexagonal order as well as 
silica and organosilica nanotubes was conducted at series of different angles. For silica 
nanotubes, spherical features present in calcined samples can be identified as pore entryways of 
the nanotubes when observed at different angles, even if they may at first look like nanospheres. 
Prolonged exposure to the electron beam of as-synthesized silica nanotubes caused the nanotubes 
to slowly rip apart, partly due to low degree of framework condensation since samples prepared 
at higher hydrothermal treatments did not express the same instability; organosilica nanotubes 
also expressed higher degree of stability when exposed to electron beam for a long period of 
time. 2D-hexagonal mesoporous silica was also observed at different angles, which made it 
possible to view (100) and (110) projections of SBA-15 synthesized using Pluronic F127 as 
surfactant template. In chapter 3, which dealt with silica materials templated with Pluronic F127, 
it was determined that a lower stirring of 150 rpm achieves a sample nearly free of sphere 
contamination compared to 250 rpm. Based on this, slow stirring appears to be preferred for the 
silica nanotube synthesis. Higher stirring rates of 300-500 rpm produced a prominent sphere 
contamination as well as resulted in a presence of short nanotube bundles. The rise of sphere 
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contamination can be due to increase of shearing force because of increased stirring rates; this 
increase of shearing force can also explain the short length of the bundles observed at 350-450 
rpm. The nanosphere were prevalent only at high stirring rate of 500 rpm. In chapter 4, a 
modified version of the synthesis conducted in the previous chapter, in which a portion of 
Pluronic F127 was replaced with either Pluronic P123 or P104, was capable of producing ultra-
large-pore parodic mesoporous 2D-hexgaonal silica as well as nanotubes. For 2D-hexagonal 
material, it was possible to create SBA-15 with unit-cell larger than previously recorded. 
Reducing the silica framework precursor quantity by roughly 40% produced ultra-large-pore 
silica nanotubes as well as smaller pore nanotubes by lowering toluene amount, and further 
reducing silica precursor amount; this resulted in an inner pore diameter that ranges from 10 to 
35 nm. This is significant because it displays the tunability of these silica-based materials as well 
as increase the potential for applicatory uses. The mixed-surfactant-based strategy was also 
adopted in the synthesis of highly robust organosilica nanotubes using a variety of precursors 
(bis(triethoxysilyl)methane, bis(triethoxysilyl)ethane, bis(triethoxysilyl)benzene, 
bis(triethoxysilylmethyl)benzene and bis(triethoxysilyl)ethylene). This is rather significant due 
to the fact that only ethylene-bridged and phenylene-bridged organosilicas (from BTME, BTEE 
and BTEB) were previously reported to be synthesized using Pluronic surfactant templates and 
those known products were usually highly aggregated. For organosilica nanotubes synthesized 
using bis(triethoxysilyl)methane, it was possible to tune the pore size by adjusting the amount of 
toluene used in the synthesis (14-21 nm). The success of this may encourage the use of 
frameworks with more exotic compositions. Use of mixture of Pluronic surfactants was also 
adopted for the use of synthesizing nanospheres. At first, Pluronic mixtures of F127 and P123 
was explored for this endeavor, but instead produced mixture of nanospheres and nanotube 
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bundles, ultra-large heterogeneous nanospheres or nanospheres that are comparable to ones 
synthesized by Pluronic F127. Replacing P123 with P84 resulted in uniform silica nanospheres. 
The introduction of a secondary Pluronic surfactant has greatly increased the potential for 
tunability in silica and organosilica based mesoporous materials templated by surfactant 
micelles. Introducing several surfactants into the system can lead to the development of 
morphologies not seen in systems using only one Pluronic surfactant as a template. Yet this  
leaves many problems to be solved such as decreasing the aggregation of nanotubes and 
nanospheres, increasing the ability to be dispersed in solution, and decreasing the lengths of 
nanotubes to achieve even more tuning ability. Hopefully, in the future, these problems can be 
addressed.
   
 
111 
 
References 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
112 
 
(1)  Iijima, S. (1991). Helical Microtubules of Graphitic Carbon. Nature, 354(6348), 56. 
(2)  Iijima, S., & Ichihashi, T. (1993). Single-Shell Carbon Nanotubes of 1-Nm Diameter. Nature, 
363(6430), 603-605. 
(3)  Bethune, D. S., Klang, C. H., De Vries, M. S., Gorman, G., Savoy, R., Vazquez, J., & Beyers, R. 
(1993). Cobalt-Catalysed Growth of Carbon Nanotubes with Single-Atomic-Layer Walls. Nature, 
363(6430), 605-607. 
(4)  Journet, C., Maser, W. K., Bernier, P., Loiseau, A., De La Chapelle, M. L., Lefrant, D. L. S., ... & 
Fischer, J. E. (1997). Large-Scale Production of Single-Walled Carbon Nanotubes by the Electric-Arc 
Technique. Nature, 388(6644), 756-758. 
(5)  Shi, Z., Lian, Y., Zhou, X., Gu, Z., Zhang, Y., Iijima, S., ... & Zhang, S. L. (1999). Production of Single-
Wall Carbon Nanotubes at High Pressure. The Journal of Physical Chemistry B, 103(41), 8698-8701. 
(6)  Lee, W.; Park, S.-J. Porous Anodic Aluminum Oxide: Anodization and Templated Synthesis of 
Functional Nanostructures. Chem. Rev. 2014, 114 (15), 7487–7556. 
(7)  Kyotani, T.; Tsai, L.; Tomita, A. Formation of Ultrafine Carbon Tubes by Using an Anodic 
Aluminum Oxide Film as a Template. Chem. Mater. 1995, 7 (8), 1427–1428. 
(8)  Xiong, S.; Wang, Q.; Xia, H. Preparation of Polyaniline Nanotubes Array Based on Anodic 
Aluminum Oxide Template. Mater. Res. Bull. 2004, 39 (10), 1569–1580. 
(9)  Liu, N.; Chen, X.; Zhang, J.; Schwank, J. W. A Review on TiO2-Based Nanotubes Synthesized via 
Hydrothermal Method: Formation Mechanism, Structure Modification, and Photocatalytic Applications. 
Catal. Today 2014, 225, 34–51. 
(10)  Bavykin, D. V.; Friedrich, J. M.; Walsh, F. C. Protonated Titanates and TiO2 Nanostructured 
Materials: Synthesis, Properties, and Applications. Adv. Mater. 2006, 18 (21), 2807–2824. 
(11)  Zhou, Y.; Ji, Q.; Masuda, M.; Kamiya, S.; Shimizu, T. Helical Arrays of CdS Nanoparticles Tracing 
on a Functionalized Chiral Template of Glycolipid Nanotubes. Chem. Mater. 2006, 18 (2), 403–406. 
(12)  Zhang, L.; Wan, M. Chiral Polyaniline Nanotubes Synthesized via a Self-Assembly Process. Thin 
Solid Films 2005, 477 (1–2), 24–31. 
(13)  Nakamura, H.; Matsui, Y. Silica Gel Nanotubes Obtained by the Sol-Gel Method. J. Am. Chem. 
Soc. 1995, 117 (9), 2651–2652. 
(14)  Jung, J. H.; Shinkai, S.; Shimizu, T. Preparation of Mesoscale and Macroscale Silica Nanotubes 
Using a Sugar-Appended Azonaphthol Gelator Assembly. Nano Lett. 2002, 2 (1), 17–20. 
(15)  Jung, J. H.; Shinkai, S.; Shimizu, T. Organic Supramolecular Architectures and Their Sol-Gel 
Transcription to Silica Nanotubes. Chem. Rec. 2003, 3 (4), 212–224. 
(16)  Lei, S.; Zhang, J.; Wang, J.; Huang, J. Self-Catalytic Sol−Gel Synergetic Replication of Uniform 
Silica Nanotubes Using an Amino Acid Amphiphile Dynamically Growing Fibers as Template. Langmuir 
2010, 26 (6), 4288–4295. 
   
 
113 
 
(17)  Yamanaka, M.; Miyake, Y.; Akita, S.; Nakano, K. Sol–Gel Transcription of Semi-Fluorinated 
Organogel Fiber into Fluorocarbon-Functionalized Silica Nanotubes. Chem. Mater. 2008, 20 (6), 2072–
2074. 
(18)  Zhang, M.; Zhang, W.; Wang, S. Synthesis of Well-Defined Silica and Pd/Silica Nanotubes through 
a Surface Sol−Gel Process on a Self-Assembled Chelate Block Copolymer. J. Phys. Chem. C 2010, 114 (37), 
15640–15644. 
(19)  Banerjee, S.; Datta, A. Photoluminescent Silica Nanotubes and Nanodisks Prepared by the 
Reverse Micelle Sol−Gel Method. Langmuir 2010, 26 (2), 1172–1176. 
(20)  Jang, J.; Yoon, H. Novel Fabrication of Size-Tunable Silica Nanotubes Using a Reverse- 
Microemulsion-Mediated Sol–Gel Method. Adv. Mater. 2004, 16 (910), 799–802. 
(21)  Zhang, A.; Hou, K.; Gu, L.; Dai, C.; Liu, M.; Song, C.; Guo, X. Synthesis of Silica Nanotubes with 
Orientation Controlled Mesopores in Porous Membranes via Interfacial Growth. Chem. Mater. 2012, 24 
(6), 1005–1010. 
(22)  Mitchell, D. T.; Lee, S. B.; Trofin, L.; Li, N.; Nevanen, T. K.; Söderlund, H.; Martin, C. R. Smart 
Nanotubes for Bioseparations and Biocatalysis. J. Am. Chem. Soc. 2002, 124 (40), 11864–11865. 
(23)  Tuan, H.-Y.; Ghezelbash, A.; Korgel, B. A. Silicon Nanowires and Silica Nanotubes Seeded by 
Copper Nanoparticles in an Organic Solvent. Chem. Mater. 2008, 20 (6), 2306–2313. 
(24)  Gao, C.; Lu, Z.; Yin, Y. Gram-Scale Synthesis of Silica Nanotubes with Controlled Aspect Ratios by 
Templating of Nickel-Hydrazine Complex Nanorods. Langmuir 2011, 27 (19), 12201–12208. 
(25)  Yin, Y.; Lu, Y.; Sun, Y.; Xia, Y. Silver Nanowires Can Be Directly Coated with Amorphous Silica To 
Generate Well-Controlled Coaxial Nanocables of Silver/Silica. Nano Lett 2002, 2 (4), 4. 
(26)  Zhu, J.; Peng, H.; Connor, S. T.; Cui, Y. Three-Dimensional Interconnected Silica Nanotubes 
Templated from Hyperbranched Nanowires. Small 2009, 5 (4), 437–439. 
(27)  Yang, Y.; Qiu, S.; Cui, W.; Zhao, Q.; Cheng, X.; Li, R. K. Y.; Xie, X.; Mai, Y.-W. A Facile Method to 
Fabricate Silica-Coated Carbon Nanotubes and Silica Nanotubes from Carbon Nanotubes Templates. J. 
Mater. Sci. 2009, 44 (17), 4539–4545. 
(28)  Kim, M.; Hong, J.; Lee, J.; Hong, C. K.; Shim, S. E. Fabrication of Silica Nanotubes Using Silica 
Coated Multi-Walled Carbon Nanotubes as the Template. J. Colloid Interface Sci. 2008, 322 (1), 321–326. 
(29)  Ordered Mesoporous Molecular Sieves Synthesized by a Liquid-Crystal Template 
Mechanism.Pdf. 
(30)  Wan, Y.; Zhao. On the Controllable Soft-Templating Approach to Mesoporous Silicates. Chem. 
Rev. 2007, 107 (7), 2821–2860. 
(31)  Beck, J. S., Vartuli, J. C., Roth, W. J., Leonowicz, M. E., Kresge, C. T., Schmitt, K. D., ... & Higgins, J. 
B. (1992). A New Family of Mesoporous Molecular Sieves Prepared with Liquid Crystal Templates. 
Journal of the American Chemical Society, 114(27), 10834-10843. 
   
 
114 
 
(32)  Bagshaw, S. A., Prouzet, E., & Pinnavaia, T. J. (1995). Templating of Mesoporous Molecular 
Sieves by Nonionic Polyethylene Oxide Surfactants. Science, 269(5228), 1242-1244. 
(33)  Alexandridis, P., & Hatton, T. A. (1995). Poly (Ethylene Oxide)  Poly (Propylene Oxide)  Poly 
(Ethylene Oxide) Block Copolymer Surfactants in Aqueous Solutions and at Interfaces: Thermodynamics, 
Structure, Dynamics, and Modeling. Colloids and Surfaces A: Physicochemical and Engineering Aspects, 
96(1-2), 1-46. 
(34)  Zhao, D.; Huo, Q.; Feng, J.; Chmelka, B. F.; Stucky, G. D. Nonionic Triblock and Star Diblock 
Copolymer and Oligomeric Surfactant Syntheses of Highly Ordered, Hydrothermally Stable, Mesoporous 
Silica Structures. J. Am. Chem. Soc. 1998, 120 (24), 6024–6036. 
(35)  Ryoo, R.; Ko, C. H.; Kruk, M.; Antochshuk, V.; Jaroniec, M. Block-Copolymer-Templated Ordered 
Mesoporous Silica: Array of Uniform Mesopores or Mesopore−Micropore Network? J. Phys. Chem. B 
2000, 104 (48), 11465–11471. 
(36)  Alexandridis, P.; Holzwarth, J. F.; Hatton, T. A. Micellization of Poly(Ethylene Oxide)-
Poly(Propylene Oxide)-Poly(Ethylene Oxide) Triblock Copolymers in Aqueous Solutions: 
Thermodynamics of Copolymer Association. Macromolecules 1994, 27 (9), 2414–2425. 
(37)  Wanka, G.; Hoffmann, H.; Ulbricht, W. Phase Diagrams and Aggregation Behavior of 
Poly(Oxyethylene)-Poly(Oxypropylene)-Poly(Oxyethylene) Triblock Copolymers in Aqueous Solutions. 
Macromolecules 1994, 27 (15), 4145–4159. 
(38)  Impéror-Clerc, M.; Davidson, P.; Davidson, A. Existence of a Microporous Corona around the 
Mesopores of Silica-Based SBA-15 Materials Templated by Triblock Copolymers. J. Am. Chem. Soc. 2000, 
122 (48), 11925–11933. 
(39)  Lettow, J. S.; Han, Y. J.; Schmidt-Winkel, P.; Yang, P.; Zhao, D.; Stucky, G. D.; Ying, J. Y. Hexagonal 
to Mesocellular Foam Phase Transition in Polymer-Templated Mesoporous Silicas. Langmuir 2000, 16 
(22), 8291–8295. 
(40)  Fan, J.; Yu, C.; Lei, J.; Zhang, Q.; Li, T.; Tu, B.; Zhou, W.; Zhao, D. Low-Temperature Strategy to 
Synthesize Highly Ordered Mesoporous Silicas with Very Large Pores. J. Am. Chem. Soc. 2005, 127 (31), 
10794–10795. 
(41)  Sun, J.; Zhang, H.; Ma, D.; Chen, Y.; Bao, X.; Klein-Hoffmann, A.; Pfänder, N.; Su, D. S. Alkanes-
Assisted Low Temperature Formation of Highly Ordered SBA-15 with Large Cylindrical Mesopores. 
Chem. Commun. 2005, No. 42, 5343. 
(42)  Zhang, H.; Sun, J.; Ma, D.; Weinberg, G.; Su, D. S.; Bao, X. Engineered Complex Emulsion System: 
Toward Modulating the Pore Length and Morphological Architecture of Mesoporous Silicas. J. Phys. 
Chem. B 2006, 110 (51), 25908–25915. 
(43)  Kruk, M.; Cao, L. Pore Size Tailoring in Large-Pore SBA-15 Silica Synthesized in the Presence of 
Hexane. Langmuir 2007, 23 (13), 7247–7254. 
(44)  Cao, L.; Man, T.; Kruk, M. Synthesis of Ultra-Large-Pore SBA-15 Silica with Two-Dimensional 
Hexagonal Structure Using Triisopropylbenzene As Micelle Expander. Chem. Mater. 2009, 21 (6), 1144–
1153. 
   
 
115 
 
(45)  Cao, L., & Kruk, M. (2014). Short Synthesis of Ordered Silicas with Very Large Mesopores. RSC 
Advances, 4(1), 331-339. 
(46)  Huang, L.; Kruk, M. Synthesis of Ultra-Large-Pore FDU-12 Silica Using Ethylbenzene as Micelle 
Expander. J. Colloid Interface Sci. 2012, 365 (1), 137–142. 
(47)  Huang, L.; Kruk, M. Versatile Surfactant/Swelling-Agent Template for Synthesis of Large-Pore 
Ordered Mesoporous Silicas and Related Hollow Nanoparticles. Chem. Mater. 2015, 27 (3), 679–689. 
(48)  Nagarajan, R. Solubilization of Hydrocarbons and Resulting Aggregate Shape Transitions in 
Aqueous Solutions of Pluronic® (PEO–PPO–PEO) Block Copolymers. Colloids Surf. B Biointerfaces 1999, 
16 (1–4), 55–72. 
(49)  Ke. F.; Yi, J.; Zhou, S.; Kruk, M., In Preparation for Publication. 
(50)  Manchanda, A. S.; Kruk, M. Synthesis of Xylylene-Bridged Periodic Mesoporous Organosilicas 
and Related Hollow Spherical Nanoparticles. Langmuir 2016, 32 (3), 900–908. 
(51)  Tang, J.; Liu, J.; Wang, P.; Zhong, H.; Yang, Q. Evolution from Hollow Nanospheres to Highly 
Ordered FDU-12 Induced by Inorganic Salts under Weak Acidic Conditions. Microporous Mesoporous 
Mater. 2010, 127 (1–2), 119–125. 
(52)  Tang, J.; Zhou, X.; Zhao, D.; Lu, G. Q.; Zou, J.; Yu, C. Hard-Sphere Packing and Icosahedral 
Assembly in the Formation of Mesoporous Materials. J. Am. Chem. Soc. 2007, 129 (29), 9044–9048. 
(53)  Khanal, A.; Inoue, Y.; Yada, M.; Nakashima, K. Synthesis of Silica Hollow Nanoparticles 
Templated by Polymeric Micelle with Core−Shell−Corona Structure. J. Am. Chem. Soc. 2007, 129 (6), 
1534–1535. 
(54)  Du, B.; Cao, Z.; Li, Z.; Mei, A.; Zhang, X.; Nie, J.; Xu, J.; Fan, Z. One-Pot Preparation of Hollow Silica 
Spheres by Using Thermosensitive Poly( N -Isopropylacrylamide) as a Reversible Template. Langmuir 
2009, 25 (20), 12367–12373. 
(55)  Ding, S.; Liu, N.; Li, X.; Peng, L.; Guo, X.; Ding, W. Silica Nanotubes and Their Assembly Assisted 
by Boric Acid to Hierachical Mesostructures. Langmuir 2010, 26 (7), 4572–4575. 
(56)  Mandal, M.; Kruk, M. Large-Pore Ethylene-Bridged Periodic Mesoporous Organosilicas with 
Face-Centered Cubic Structure. J. Phys. Chem. C 2010, 114 (47), 20091–20099. 
(57)  Manchanda, A. S.; Kruk, M. Synthesis of Xylylene-Bridged Periodic Mesoporous Organosilicas 
and Related Hollow Spherical Nanoparticles. Langmuir 2016, 32 (3), 900–908. 
(58)  Manchanda, A. S.; Kruk, M. Synthesis of Large-Pore Face-Centered-Cubic Periodic Mesoporous 
Organosilicas with Unsaturated Bridging Groups. Microporous Mesoporous Mater. 2016, 222, 153–159. 
(59)  Mandal, M.; Kruk, M. Versatile Approach to Synthesis of 2-D Hexagonal Ultra-Large-Pore 
Periodic Mesoporous Organosilicas. J. Mater. Chem. 2010, 20 (35), 7506. 
(60)  Mandal, M.; Kruk, M. Family of Single-Micelle-Templated Organosilica Hollow Nanospheres and 
Nanotubes Synthesized through Adjustment of Organosilica/Surfactant Ratio. Chem. Mater. 2012, 24 
(1), 123–132. 
   
 
116 
 
(61)  Hao, N.; Wang, H.; Webley, P. A.; Zhao, D. Synthesis of Uniform Periodic Mesoporous 
Organosilica Hollow Spheres with Large-Pore Size and Efficient Encapsulation Capacity for Toluene and 
the Large Biomolecule Bovine Serum Albumin. Microporous Mesoporous Mater. 2010, 132 (3), 543–551. 
(62)  Liu, J.; Yang, Q.; Zhang, L.; Yang, H.; Gao, J.; Li, C. Organic−Inorganic Hybrid Hollow Nanospheres 
with Microwindows on the Shell. Chem. Mater. 2008, 20 (13). 
(63)  Liu, J.; Bai, S.; Zhong, H.; Li, C.; Yang, Q. Tunable Assembly of Organosilica Hollow Nanospheres. 
J. Phys. Chem. C 2010, 114 (2), 953–961. 
(64)  Gao, J.; Liu, J.; Bai, S.; Wang, P.; Zhong, H.; Yang, Q.; Li, C. The Nanocomposites of SO3H-Hollow-
Nanosphere and Chiral Amine for Asymmetric Aldol Reaction. J. Mater. Chem. 2009, 19 (45), 8580. 
(65)  Liu, X.; Li, X.; Guan, Z.; Liu, J.; Zhao, J.; Yang, Y.; Yang, Q. Organosilica Nanotubes: Large-Scale 
Synthesis and Encapsulation of Metal Nanoparticles. Chem. Commun. 2011, 47 (28), 8073. 
(66)  Zhang, X.; Su, F.; Song, D.; An, S.; Lu, B.; Guo, Y. Preparation of Efficient and Recoverable 
Organosulfonic Acid Functionalized Alkyl-Bridged Organosilica Nanotubes for Esterification and 
Transesterification. Appl. Catal. B Environ. 2015, 163, 50–62. 
(67)  Feng, P.; Bu, X.; Stucky, G. D.; Pine, D. J. Monolithic Mesoporous Silica Templated by 
Microemulsion Liquid Crystals. J. Am. Chem. Soc. 2000, 122 (5), 994–995. 
(68)  Feng, P.; Bu, X.; Pine, D. J. Control of Pore Sizes in Mesoporous Silica Templated by Liquid 
Crystals in Block Copolymer−Cosurfactant−Water Systems. Langmuir 2000, 16 (12), 5304–5310. 
(69)  Kim, T.-W.; Ryoo, R.; Kruk, M.; Gierszal, K. P.; Jaroniec, M.; Kamiya, S.; Terasaki, O. Tailoring the 
Pore Structure of SBA-16 Silica Molecular Sieve through the Use of Copolymer Blends and Control of 
Synthesis Temperature and Time. J. Phys. Chem. B 2004, 108 (31), 11480–11489. 
(70)  Chaibundit, C.; Ricardo, N. M. P. S.; Costa, F. de M. L. L.; Yeates, S. G.; Booth, C. Micellization and 
Gelation of Mixed Copolymers P123 and F127 in Aqueous Solution. Langmuir 2007, 23 (18), 9229–9236. 
(71)  Farid, G.; Kruk, M. Silica Nanotubes with Widely Adjustable Inner Diameter and Ordered Silicas 
with Ultralarge Cylindrical Mesopores Templated by Swollen Micelles of Mixed Pluronic Triblock 
Copolymers. Chem. Mater. 2017, 29 (11), 4675–4681. 
(72)  Mandal, M.; Farid, G.; Kruk, M. Swollen Mixed Pluronic Surfactant Micelles as Templates for 
Mesoporous Nanotubes with Diverse Bridged-Organosilica Frameworks. J. Colloid Interface Sci. 2018, 
524, 445–455. 
(73)  Aznar, E.; Oroval, M.; Pascual, L.; Murguía, J. R.; Martínez-Máñez, R.; Sancenón, F. Gated 
Materials for On-Command Release of Guest Molecules. Chem. Rev. 2016, 116 (2), 561–718. 
(74)  Sacaliuc, E.; Beale, A.; Weckhuysen, B.; Nijhuis, T. Propene Epoxidation over Au/Ti-SBA-15 
Catalysts. J. Catal. 2007, 248 (2), 235–248. 
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